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ABSTRACT
The i n t e r a c t i o n s  b e tw e e n  p o i n t  and e x te n d e d  d e f e c t s  i n  b . c . c .  
m e t a l s  have  b e e n  s t u d i e d  u s in g  r e a l  s p a c e  com pu te r  s i m u l a t i o n  
t e c h n i q u e s .  W ith  su c h  t e c h n iq u e s  a m odel c r y s t a l  i s  s e t  up i n t o  
w h ich  th e  d e f e c t s  a r e  i n t r o d u c e d  and th e  e q u i l i b r i u m  a to m ic  
c o n f i g u r a t i o n s  and e n e r g i e s  a r e  fo u n d  by m in im iz in g  t h e  p o t e n t i a l  
e n e rg y  o f  th e  s y s te m .  F o r  t h e  p r e s e n t  p u r p o s e s ,  t h e  i n t e r a t o m i c  
i n t e r a c t i o n s  w ere  d e f i n e d  u s in g  f i v e  d i f f e r e n t  e m p i r i c a l  p o t e n t i a l s  
m a tched  to  p h y s i c a l  p r o p e r t i e s  o f  a ~ i r o n ,  molybdenum and  t u n g s t e n .
I n i t i a l l y ,  v a r i o u s  p r o p e r t i e s  o f  v a c a n c i e s  and  d i v a c a n c i e s  
w ere  s t u d i e d  u n d e r  c o n t r o l l e d  c o n d i t i o n s  o f  u n i a x i a l  an d  h y d r o ­
s t a t i c  s t r e s s ,  The p r o p e r t i e s  w ere  t h e  e n e rg y  a s s o c i a t e d  w i t h  t h e  
f o r m a t i o n  o f  a  s i n g l e  v a c a n c y ,  th e  b i n d i n g  e n e r g i e s  o f  th e  { < 1 1 1 >,
<100> and  ^ <311> d i v a c a n c i e s  and th e  m i g r a t i o n  e n e r g i e s  o f  t h e s e  
d e f e c t s , The u n i a x i a l  s t r e s s e s  w ere  d i r e c t e d  a lo n g  s e v e r a l  
d i s t i n c t  a x e s  f o r  e a ch  d e f e c t  and i n  g e n e r a l  t h e  c h a n g e s  i n d u c e d  
i n  th e  p r o p e r t i e s  w ere  a n i s o t r o p i c  and  l a r g e r  t h a n  t h o s e  p r o d u c e d  
by e q u i v a l e n t  h y d r o s t a t i c  s t r e s s e s ,
The i n t e r a c t i o n s  o f  v a c a n c i e s  and d i v a c a n c i e s  w i t h  t h e  two p o s s i b l e  
ty p e s  o f  {112} tw in  bou n d a ry  w ere  t h e n  c o n s i d e r e d .  I n t e r a c t i o n  and 
m i g r a t i o n  e n e r g i e s  w ere  o b t a i n e d  as  a  f u n c t i o n  o f  d e f e c t  s e p a r a t i o n  
and  u n i a x i a l  s t r e s s  a p p l i e d  p e r p e n d i c u l a r  to  th e  i n t e r f a c e s .  F o r  
b o t h  s i n g l e  and d i v a c a n c i e s ,  th e  maximum b i n d i n g  e n e r g i e s  f o r  t h e  two 
b o u n d a r i e s  o c c u r  when th e  v a c a n c i e s  l i e  a d j a c e n t  t o  t h e  i n t e r f a c e .
I n  a d d i t i o n ,  m arked  changes  i n  v a c an c y  m i g r a t i o n  e n e r g y  r e s u l t  f o r  
s p e c i f i c  jumps n e a r  t h e  b o u n d a r i e s .
F i n a l l y ,  t h e  i n t e r a c t i o n s  o f  s i n g l e  v a c a n c i e s  w i t h  t h e  |  <111> 
{110} edge  d i s l o c a t i o n  w ere  s t u d i e d .  The dom inan t i n t e r a c t i o n  
m echanism  was shown t o  b e  o f  t h e  in h o m o g e n e i ty  t y p e ,  and f o r  -  
c e r t a i n  v a c a n c y  l o c a t i o n s  w i t h i n  t h e  d i s l o c a t i o n  s l i p  p l a n e ,  t h e  
p o s i t i o n  o f  th e  c e n t r e  o f  t h e  c o re  was s e e n  to  move. The v a c a n c y  
s i t e s  f o r  w h ic h  t h i s  b e h a v io u r  o c c u r s  a r e  c o r r e l a t e d  w i t h  t h e  
l o c a t i o n s  o f  t h e  ’ f r a c t i o n a l ’ com ponen ts  o f  t h e  B u r g e r s  v e c t o r ,  
i n t o  w h ich  th e  d i s l o c a t i o n  c o re  i s  s p l i t .
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CHAPTER 1 
INTRODUCTION
I t  h a s  lo n g  been  e s t a b l i s h e d  t h a t  th e  m e c h a n ic a l  p r o p e r t i e s  o f  
c r y s t a l l i n e  m a t e r i a l s  depend e s s e n t i a l l y  upon two f a c t o r s ,  th e  p r o p e r t i e s  
o f  th e  i s o l a t e d  i n d i v i d u a l  l a t t i c e  d e f e c t s  w hich  a r e  p r e s e n t  and t h e i r  
m u tu a l  i n t e r a c t i o n .  I n  o r d e r  t o  i n t e r p r e t  such  m e c h a n ic a l  p r o p e r t i e s  in  
te rm s o f  th e  l a t t i c e  d e f e c t s  and  t h e i r  i n t e r a c t i o n s ,  i t  i s  n e c e s s a r y  to  
d i s t i n g u i s h  be tw een  s i n g l e  c r y s t a l s  and p o l y c r y s t a l l i n e  m a t e r i a l s .  W hereas 
i n  s i n g l e  c r y s t a l s  b e h a v io u r  t e n d s  to  be  g o v e rn e d  p r e d o m in a n t ly  by p o i n t  
d e f e c t s  and d i s l o c a t i o n s ,  i n  p o l y c r y s t a l l i n e  s i n g l e  p h a s e  m a t e r i a l s ,  many 
p r o p e r t i e s  a r e  c o n t r o l l e d  by t h e  p r e s e n c e  o f  g r a i n  b o u n d a r i e s .
I n  t h i s  t h e s i s ,  th e  r e s u l t s  o f  a t o m i s t i c  com puter  s i m u l a t i o n  c a l c u l a ­
t i o n s  on th e  i n t e r a c t i o n s  b e tw een  p o i n t  and e x te n d e d  d e f e c t s  i n  body  c e n t r e d  
c u b ic  m e t a l s  a r e  r e p o r t e d .  These c a l c u l a t i o n s  form  j u s t  one p a r t  o f  a 
c o n t i n u i n g  programme of  r e s e a r c h  a t  th e  U n i v e r s i t y  o f  S u r r e y .  P r e v io u s  
c a l c u l a t i o n s ,  p e r fo rm e d  by P .D . B r i s to w e  and M. Doneghan have  b e e n  c o n c e rn e d  
s p e c i f i c a l l y  w i t h  t h e  s t r u c t u r e s  o f  t h e  i n d i v i d u a l  d e f e c t s  i n  b o t h  body  c e n t r e d  
c u b ic  ( b . c . c . )  and f a c e  c e n t r e d  c u b ic  ( f . c . c . )  m e t a l s ,  and t h e  p r e s e n t  s tu d y  
i s  a  l o g i c a l  e x t e n s i o n  o f  t h i s  e a r l i e r  g roundw ork . In d ee d  th e  p r e s e n t  s tu d y  
o v e r l a p s  t o  c e r t a i n  e x t e n t  w i t h  t h a t  o f  P .D . B r i s to w e ,  whose t h e s i s  ( B r i s t o w e ,  
1975) on th e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  tw in  b o u n d a r i e s  i n  b . c . c .  m e t a l s  
p rom pted  th e  i n v e s t i g a t i o n s  u n d e r t a k e n  h e r e .
The m u tu a l  i n t e r a c t i o n s  b e tw e en  v a c a n c i e s ,  and th e  i n t e r a c t i o n s  o f  
v a c a n c i e s  w i t h  { 1 1 2 } tw in  b o u n d a r i e s  and th e  \  <1 1 1 > {1 1 0 } edge  d i s l o c a t i o n
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p r o v id e  th e  m ain  s u b j e c t  o f  d i s c u s s i o n  i n  th e  p r e s e n t  w ork . T here  a r e  
many r e a s o n s  f o r  t h i s  p a r t i c u l a r  c h o ic e  o f  d e f e c t s ,  one o f  t h e  more 
i m p o r t a n t  o f  w hich  i s  th e  f a c t  t h a t  a l l  o f  t h e s e  d e f e c t s  can  th e m s e lv e s  
be s im u l a t e d  r e l i a b l y .  A p a r t  from  t h i s ,  t h e  i n t e r a c t i o n s  a r e  a l s o  
im p o r t a n t  f o r  more m e t a l l u r g i c a l  r e a s o n s .  T hus ,  th e  d i f f u s i o n  o f  
v a c a n c i e s  th ro u g h  th e  b u l k  o f  a  c r y s t a l  t o  g r a i n  b o u n d a ry  s i n k s  i s  t h e  
b a s i s  o f  N a b a r ro  H e r r in g  c r e e p ,  and th e  d i f f u s i o n  o f  t h e  same d e f e c t s  
t o  d i s l o c a t i o n s  i s  i m p o r t a n t  w henever  d i s l o c a t i o n  c lim b  o c c u r s .  S in c e  tw in  
b o u n d a r i e s  can  be  r e g a r d e d  as  s im p le  exam ples  o f  g r a i n  b o u n d a r i e s ,  and  s i n c e  
t h e  5 <1 1 1 > { 1 1 0 } d i s l o c a t i o n  i s  one o f  th e  m ost commonly o b s e rv e d  edge  
d i s l o c a t i o n s  i n  b . c . c .  m e ta l s  ( M i t c h e l l ,  1968; C h r i s t i a n ,  1 9 7 0 ) ,  t h e  p r e s e n t  
s tu d y  p r o v id e s  th e  f i r s t  s t e p  tow ards  more g e n e r a l  i n v e s t i g a t i o n s  o f  t h e s e  
phenomena.
C l a s s i c a l l y ,  p ro b le m s  r e l a t i n g  to  c r y s t a l l i n e  d e f e c t s  a r e  s o lv e d  
u s in g  l i n e a r  e l a s t i c i t y  t h e o r y ,  i n  w h ich  i t  i s  assumed t h a t  th e  h o s t  m a t e r i a l ,  
o r  m a t r i x  w hich  c o n ta i n s  th e  d e f e c t s  can  be  m o d e l le d  a s  an  e l a s t i c  c o n t in u u m . 
A lth o u g h  such  an a p p ro a c h  w i l l  n o t  b e  a d o p te d  i n  t h i s  t h e s i s ,  i t  i s  n e v e r t h e ­
l e s s  u s e f u l  a t  t h i s  s t a g e  to  o u t l i n e  th e  a p p l i c a t i o n  o f  e l a s t i c i t y  t h e o r y  to  
t h e  s tu d y  o f  p o i n t  d e f e c t s  and t h e i r  i n t e r a c t i o n s .  S in c e  t h e r e  a r e  a  num ber
o f  s t a n d a r d  t e x t s  a v a i l a b l e  on th e  s u b j e c t  ( e . g .  E s h e lb y ,  1956; H i r t h  and
L o th e ,  1 9 6 8 ) ,  o n ly  a b r i e f  a c c o u n t  i s  g iv e n  b e lo w .
I n  i s o t r o p i c  e l a s t i c i t y  t h e o r y ,  a  p o i n t  d e f e c t  i s  u s u a l l y  m o d e l le d  a s  
a  s p h e r i c a l  i n c l u s i o n  o f  r a d i u s  ( 1  + <5)^ w hich  i s  p l a c e d  i n t o  a  h o l e  i n  t h e
c on tinuum  whose r a d i u s  i s  r Q. The s u r f a c e s  o f  th e  i n c l u s i o n  and h o l e  a r e
th e n  w e lded  t o g e t h e r ,  and th e  sy s te m  a l lo w e d  to  r e l a x  i n  su c h  a  way t h a t  t h e  
f i n a l  r a d i u s  o f  th e  i n c l u s i o n  (w hich  i s  s t i l l  s p h e r i c a l )  i s  (1 + a 6 ) r ^ .  I f
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th e  e l a s t i c  c o n s t a n t s  o f  m a t r i x  and  i n c l u s i o n  a r e  assumed to  b e  i d e n t i c a l ,  
th e  c o n s t a n t  a  can  be  e x p r e s s e d  as
= (l**~v) / 1  -I \
w here  v i s  t h e  P o i s s o n ' s  r a t i o .  By a s u i t a b l e  c h o ic e  o f  6 , b o t h  v a c a n c i e s  
and i n t r i n s i c  i n t e r s t i t i a l s  c an  be  s i m u l a t e d  i n  t h i s  way; f o r  v a c a n c i e s  6  
h a s  a n e g a t i v e  v a l u e ,  w h ereas  f o r  i n t e r s t i t i a l s ,  6  i s  p o s i t i v e .  On t h i s  
b a s i s ,  M o tt  and  N a b a r ro  (1940) have  shown t h a t  th e  d i s p l a c e m e n t  f i e l d  w hich
•  • •  COr e s u l t s  from  th e  p r e s e n c e  o f  an i n c l u s i o n  m  an i n f i n i t e  c o n t in u u m , ii ( r )  , 
i s  g i v e n  by
u“ ( r )  = a 6 r  3 —  , (1 .2 )
  0 r 3
f o r  r  > ( 1  + a 6 ) r ^  i . e .  t h e  d i s p l a c e m e n t  f i e l d  i s  p u r e l y  r a d i a l ,  as  would
b e  e x p e c t e d .  I f  t h e  a s su m p t io n  of  a n  i n f i n i t e  con tinuum  i s  d r o p p e d ,  i t  i s
n e c e s s a r y  t o  m od ify  E q u a t io n  ( 1 .2 )  t o  a c c o u n t  f o r  th e  a d d i t i o n a l  ' i m a g e 1
d i s p l a c e m e n ts  u^ w h ich  a r e  r e q u i r e d  to  r e d u c e  th e  f o r c e s  p r o d u c e d  on th e
. . . 00 Ic r y s t a l  s u r f a c e  to  z e r o .  The t o t a l  d i s p l a c e m e n t  f i e l d  i s  t h e n  11 + ju
(E s h e lb y ,  1 9 5 2 ) ,  and i n  s c a l a r  fo rm ,  t h i s  c a n  be  w r i t t e n  as  
Ur  = c  —  + C —  , ( 1 .3 )
r V
where  and a r e  c o n s t a n t s ,  and th e  e l a s t i c  con tin u u m  i s  assum ed to  b e  
s p h e r i c a l  and o f  r a d i u s  RQ. Cj i s  s im p ly  a S r ^ ,  from  E q u a t io n  ( 1 . 2 ) ,  and
i s  o b t a i n e d  by a p p ly in g  th e  a p p r o p r i a t e  b o u n d a ry  c o n d i t i o n s  to  t h e  p ro b le m ,
i , e * a r r  = 0 a t  r  = RQ . ( 1 .4 )
The g e n e r a l  e x p r e s s i o n  r e l a t i n g  s t r e s s e s  t o  d i s p l a c e m e n ts  i n  a n i s o t r o p i c
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t h e o r y  i s
° i j  c i jk ) t  3x^ ( 1 .5 )
In  th e  i s o t r o p i c  l i m i t ,  t h i s  can  b e  r e - w r i t t e n  u s in g  s p h e r i c a l  p o l a r  
c o - o r d i n a t e s  as
w here X and y a r e  th e  Lame c o n s t a n t s  o f  th e  co n tin u u m . H ence , from  
E q u a t io n s  ( 1 .3 )  and ( 1 .4 )  C i s  o b t a i n e d  as
I f  t h e r e  i s  a  p r e - e x i s t i n g  sy s te m  o f  i n t e r n a l  o r  e x t e r n a l  s t r e s s e s  
a c t i n g  on th e  i s o t r o p i c  con tin u u m  w hich i s  d i s c u s s e d  a b o v e ,  t h e r e  i s ,  i n  
g e n e r a l ,  an  i n t e r a c t i o n  e n e rg y  b e tw e en  t h i s  sy s te m  o f  s t r e s s e s  and  th e  
p o i n t  d e f e c t  when th e  l a t t e r  i s  i n t r o d u c e d .  T h is  a r i s e s  f rom  t h e  e x t r a  
work n ee d ed  t o  form  th e  p o i n t  d e f e c t  a g a i n s t  th e  a c t i o n  o f  t h e  e x i s t i n g  
s t r e s s  f i e l d .  C o t t r e l l  (1949) and B i lb y  (1950) have  shown t h a t  t h e  m ag n i­
tu d e  o f  t h i s  i n t e r a c t i o n  f o r  a  sy s te m  of  s t r e s s e s  a . . i s  g iv e n  by
( 1 . 6)
’2  (3A+2y) 1 ( 1 .7 )
E ^  = -  6  a .  . 6 . .dVJ  i J  i J
V
i . e .  E ^  = -  6  a .  .dV . ( 1 . 8)i i
V
The i n t e g r a t i o n  i n  E q u a t io n  ( 1 .8 )  i s  o v e r  th e  volume V = ^  irr 3  o f  th ej  0
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undefo rm ed  c a v i t y ,  and s i n c e  i s  a  h a rm o n ic  f u n c t i o n  i n  an  i s o t r o p i c  
medium,
j,  4 tt q
E  =  "  S a i i  T  r o • ( 1 .9 )
o r  E ( 1 ) •tt a . .  AV ,3 i i  ’ ( 1 . 10)
w here AV = 4irro 3 6 , i . e .  th e  i n t e r a c t i o n  i s  w i t h  th e  h y d r o s t a t i c  com ponent 
o f  j . So f a r ,  i t  h a s  b e e n  assum ed t h a t  t h e  i n c l u s i o n  r e p r e s e n t i n g  th e  
p o i n t  d e f e c t  h a s  th e  same e l a s t i c  c o n s t a n t s  a s  t h e  m a t r i x .  I f  t h i s  assum ­
p t i o n  i s  n o t  made, t h e r e  i s  a n  a d d i t i o n a l ,  seco n d  o r d e r  i n t e r a c t i o n  w i t h  
th e  s t r e s s  f i e l d  ( E s h e lb y ,  1 9 5 5 ) ,
E (2) = 1 2 {A e f .  + 2B f e .. ' e  }dV . n  j k  jlc ( 1 . 11)
• • • • 4  TT oOnce a g a i n  th e  i n t e g r a t i o n  i s  o v e r  t h e  volum e V = - j -  E g ,  and a r e  t h e  
s t r a i n s  i n  th e  a b se n c e  o f  th e  i n c l u s i o n .  The o t h e r  sym bols i n  E q u a t io n  
( 1 . 1 1 ) a r e  d e f in e d  as  fo llo x ^ s :
f 1  f.£ .. = £ ., -  -77 £ . . 0  ..j k  jlc 3  1 1  j k
A -  -K(K-K*) 
K-a(K-K*)
B = b(l»-H*)
y - 3 ( y - y * )
(1 . 12)
w here (K ,y )  and (K *,y*) a r e  th e  b u lk  and s h e a r  m odu li  o f  t h e  m a t r i x  and  
i n c l u s i o n  r e s p e c t i v e l y ,  a  i s  a s  d e f i n e d  i n  E q u a t io n  ( 1 .1 )  and 3 i s  
2 (4  -  5 v ) / 1 5 / l  -  v ) .
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The two i n t e r a c t i o n  m echanism s d i s c u s s e d  above a r e  commonly r e f e r r e d  
t o  a s  th e  s i z e  e f f e c t  and in h o m o g e n e i ty  i n t e r a c t i o n s  r e s p e c t i v e l y .  I n  
th e  g e n e r a l  c a s e ,  th e  i n t e r a c t i o n  e n e rg y  f o r  a  g iv e n  p o i n t  d e f e c t  and s t r e s s  
f i e l d  w i l l  be  th e  sum o f  th e  e n e r g i e s  p r e d i c t e d  by e a c h  m echan ism . T here  a r e  
two n o t a b l e  e x c e p t io n s  to  t h i s  r u l e  w hich  a r i s e  when th e  s t r e s s  f i e l d  cKj i s  
p u r e l y  i n t e r n a l  i . e .  when th e  s t r e s s  f i e l d  i s  th e  r e s u l t  o f  a  se c o n d  d e f e c t  
w hich  i s  p r e s e n t  i n  th e  c o n tin u u m . Thus, when a . j  i s  due to  a n  i d e n t i c a l  
p o i n t  d e f e c t ,  o r  a sc re w  d i s l o c a t i o n ,  th e  m ag n i tu d e  o f  t h e  s i z e  e f f e c t  c o n ­
t r i b u t i o n  to  th e  t o t a l  i n t e r a c t i o n  e n e rg y  i s  z e r o .  T h is  i s  a  d i r e c t  r e s u l t  
o f  t h e  a s su m p t io n  t h a t  th e  c on tinuum  i s  i s o t r o p i c .  F o r  an  a n i s o t r o p i c  
c o n tin u u m , th e  s p h e r i c a l  symmetry o f  th e  p o i n t  d e f e c t  i s  d e s t r o y e d ,  and  th e  
e q u i v a l e n t  e x p r e s s i o n s  f o r  th e  i n t e r a c t i o n  mechanisms b o t h  c o n t r i b u t e  to  
th e  t o t a l  i n t e r a c t i o n  e n e rg y .
A lth o u g h  con tinuum  e l a s t i c i t y  t h e o r y  would a p p e a r  to  b e  a  v e r y  u s e f u l  
t o o l  f o r  t h e  s tu d y  o f  p o i n t  d e f e c t s  and t h e i r  i n t e r a c t i o n s  w i t h  s t r e s s  f i e l d s ,  
i t  does  s u f f e r  from  many s h o r t c o m in g s .  T hus , i t  i s  n o t  p o s s i b l e  t o  d e te r m in e  
th e  p a r a m e te r s  AV, A and B from  c on tinuum  c o n s i d e r a t i o n s  a l o n e ,  so  t h a t  i f  
n u m e r i c a l  v a lu e s  f o r  th e  d i s p l a c e m e n t  f i e l d  o r  i n t e r a c t i o n  e n e r g i e s  a r e  
r e q u i r e d ,  th e  b e s t  t h a t  can  b e  done i s  t o  make e s t i m a t e s  o f  t h e s e  q u a n t i t i e s .
I n  a d d i t i o n ,  d e f e c t s  w hich  do n o t  h a v e  any a s s o c i a t e d  lo n g  r a n g e  s t r e s s  f i e l d s ,  
such  a s  c o h e r e n t  tw in  b o u n d a r i e s , a r e  n o t  se e n  when th e y  a r e  i n t r o d u c e d  i n t o  
an e l a s t i c  c o n tin u u m , and h e n c e  th e  th e o r y  p r e d i c t s  z e ro  i n t e r a c t i o n  when 
p o i n t  d e f e c t s  a r e  a l s o  p r e s e n t .  I n d e e d ,  s i n c e  e l a s t i c i t y  t h e o r y  i s  l i m i t e d  
a t  t h e  o u t s e t  by  th e  u n r e a l i s t i c  a s s u m p t io n  t h a t  a  c r y s t a l  l a t t i c e  c an  be  
m o d e l le d  a s  a  co n tin u u m , i t  i s  h a r d l y  s u r p r i s i n g  t h a t  i t  can  n o t  d e s c r i b e  
phenomena w h ich  a r e  i n t i m a t e l y  c o n n e c te d  w i th  th e  d i s c r e t e  n a t u r e  o f  a  r e a l  
c r y s t a l .  An a t o m i s t i c  a p p ro a c h  i s  r e q u i r e d  f o r  p ro b le m s  o f  t h i s  k i n d .
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T here  a r e  two b a s i c  m ethods w h ich  can  be  u se d  f o r  a t o m i s t i c  s im u­
l a t i o n s  o f  c r y s t a l l i n e  m a t e r i a l s ,  and t h e s e  a r e  r e f e r r e d  to  a s  m o le c u la r  
s t a t i c s  and m o le c u la r  dynam ics m e th o d s .  As th e  names s u g g e s t ,  m o le c u la r  
s t a t i c s  t r e a t s  th e  ensem ble  o f  atoms a s  an  e s s e n t i a l l y  s t a t i c  a r r a y ,  
w h e re as  m o le c u la r  dynam ics allox^s a l l  t h e  atom s th e  f reedom  o f  c o n t in u o u s  
m o t io n .  The f i r s t  o f  t h e s e  c a t e g o r i e s  h a s  em erged o v e r  th e  y e a r s  a s  b e in g  
th e  m ost  s u i t a b l e  f o r  d e f e c t  s t u d i e s ,  and w i t h i n  t h i s  c a t e g o r y  i t  i s  
n e c e s s a r y  to  d i s t i n g u i s h  b e tw een  r e a l  and r e c i p r o c a l  s p a c e  m e th o d s .
S in c e  th e  r e a l  s p a c e  m ethod h a s  b e e n  u se d  to  o b t a i n  a l l  o f  th e  r e s u l t s  
p r e s e n t e d  i n  t h i s  t h e s i s ,  a  d e s c r i p t i v e  a c c o u n t  o f  th e  p r i n c i p l e s  o f  t h e  two 
m ethods and  th e  r e a s o n s  f o r  t h e  p r e s e n t  c h o ic e  i s  g iv e n  b e lo w  i n  § 1 .1 .  A 
b r i e f  h i s t o r i c a l  r e v ie w  o f  some o f  t h e  m o s t  im p o r t a n t  d e v e lo p m en ts  i n  b o t h  
o f  t h e s e  s i m u l a t i o n  m ethods w i l l  t h e n  be  p r e s e n t e d  i n  §1 . 2 .
1 .1  A t o m is t i c  S im u la t io n  T ech n iq u es
The m ain  o b j e c t i v e  o f  a n  a t o m i s t i c  c a l c u l a t i o n  i s  to  o b t a i n  a c c u r a t e  
v a lu e s  f o r  th e  e n e rg y  and d i s p l a c e m e n t  f i e l d  a s s o c i a t e d  w i t h  a  c r y s t a l  d e f e c t ,  
by d i r e c t  r e f e r e n c e  t o  a  c o l l e c t i o n  o f  m u t u a l l y - i n t e r a c t i n g  a to m s . As th e  
names s u g g e s t ,  t h i s  o b j e c t i v e  i s  a c h ie v e d  i n  r a t h e r  d i f f e r e n t  ways u s i n g  
th e  r e a l  and r e c i p r o c a l  s p a c e  m e th o d s .
I n  th e  r e a l  s p a c e  m ethod (T ew o rd t,  1958; G ibson  e t  a l . ,  1 9 6 0 ) ,  th e  
e n e rg y  o f  a  m odel c r y s t a l ,  w hich  may c o n s i s t  o f  s e v e r a l  th o u sa n d  a to m s ,  i s  
m in im iz ed  w i t h  r e s p e c t  to  t h e  p o s i t i o n s  o f  th e  a tom s u s in g  an  i t e r a t i v e  
p r o c e d u r e  i . e .  a t  e a ch  i t e r a t i o n ,  t h e  p o s i t i o n s  ( i n  r e a l  s p a c e )  o f  th e  
i n d i v i d u a l  atoms i n  th e  m odel a r e  changed  i n  su c h  a way a s  to  r e d u c e  th e  
e n e rg y  o f  th e  w hole  s y s te m  to  a minimum, and t h i s  minimum y i e l d s  t h e
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e q u i l i b r i u m  c o n f i g u r a t i o n  and e n e r g y .  S in c e  th e  s i m u l a t i o n  i s  e f f e c t i v e l y  
p e r fo rm e d  a t  OK, t h e  e n e rg y  o f  th e  sy s te m  i s  d e f i n e d  v i a  an  i n t e r a t o m i c  
p o t e n t i a l  f u n c t i o n .  T h is  p o t e n t i a l  f u n c t i o n  d e s c r i b e s  t h e  i n t e r a c t i o n  
e n e rg y  o f  an atom i n  t h e  m odel w i t h  i t s  n e ig h b o u r s ,  and i n  g e n e r a l  t h e r e  
a r e  v e r y  few r e s t r i c t i o n s  on th e  form  t h a t  th e  p o t e n t i a l  m ust  t a k e .  The 
m a jo r  r e q u i r e m e n t  o f  a  p o t e n t i a l  i s  t h a t  i t  m ust p ro d u c e  a l a t t i c e  w hich  
i s  s t a b l e  and w h ich  r e t a i n s  i t s  c o r r e c t  s t r u c t u r e  when t h e  m odel i s  
s u b j e c t e d  t o  s m a l l  homogeneous d e f o r m a t io n s  (Born and Huang, 1 9 5 4 ) .  I n  
o r d e r  to  e x te n d  th e  s i m u l a t i o n  from  a r e l a t i v e l y  s m a l l  num ber o f  a tom s to  
an i n f i n i t e  c r y s t a l ,  b o u n d a ry  c o n d i t i o n s  a r e  s u p p l i e d  t o  th e  o u t e r m o s t  
a tom s o f  th e  m odel .  These b o u n d a ry  c o n d i t i o n s  can  be o f  s e v e r a l  d i f f e r e n t  
t y p e s :  the  b o u n d a ry  atoms may be r i g i d l y  f i x e d  i n  e i t h e r  t h e i r  p e r f e c t  
l a t t i c e  p o s i t i o n s  o r  i n  p o s i t i o n s  d e te rm in e d  by  an e l a s t i c  s o l u t i o n  f o r  t h e  
d e f e c t  d i s p l a c e m e n t  f i e l d ,  o r  th e y  can  be  g iv e n  th e  f re e d o m  to  move i n  a  
c o u p le d  way w i t h  t h e i r  c o u t e r p a r t  f r e e  a to m s .  Thus, once  an  i n t e r a c t o m i c  
p o t e n t i a l  and b o u n d a ry  c o n d i t i o n s  have  b een  s p e c i f i e d ,  t h e  r e a l  s p a c e  m ethod 
r e d u c e s  to  t h e  p ro b le m  o f  h a v in g  t o  s o l v e ,  n u m e r i c a l l y ,  a  s e t  o f  3N s im u l ­
ta n e o u s  e q u a t i o n s  i n  o r d e r  to  o b t a i n  t h e  r e l a x e d  d e f e c t  c o n f i g u r a t i o n ,  N 
b e in g  th e  number o f  f r e e  a tom s i n  th e  m odel.
The r e c i p r o c a l  s p a c e  m eth o d ,  o r  m ethod o f  l a t t i c e  s t a t i c s  a s  i t  i s  
o t h e r w i s e  known, was f i r s t  i n t r o d u c e d  by K anzak i  (1957) to  s tu d y  th e  d i s p l a c e ­
m ents  a ro u n d  v a c a n c i e s  i n  s o l i d  a r g o n .  The b a s i s  o f  th e  m ethod i s  t h a t ,  
p r o v id e d  c e r t a i n  s i m p l i f y i n g  a s s u m p t io n s  can  b e  made r e g a r d i n g  th e  n a t u r e  o f  
t h e  i n t e r a t o m i c  p o t e n t i a l ,  a n a l y t i c a l  s o l u t i o n s  f o r  th e  d i s p l a c e m e n t  f i e l d s  
and e n e r g i e s  o f  c r y s t a l  d e f e c t s  can  be  o b t a i n e d  when th e  p ro b le m  i s  t r e a t e d  i n  
r e c i p r o c a l  s p a c e .  I n  a  s i m i l a r  way to  th e  r e a l  s p a c e  m ethod , t h e  r e c i p r o c a l  
s p a c e  m ethod i s  a  OK s i m u l a t i o n ,  h o w e v e r ,  i n  th e  l a t t e r  c a s e ,  t h e  p o t e n t i a l  
e n e rg y  f u n c t i o n  does n o t  n e e d  to  be  known f o r  a l l  i n t e r a t o m i c  s e p a r a t i o n s ;
o n ly  t h e  f i r s t  and se co n d  d e r i v a t i v e s  o f  th e  p o t e n t i a l  a t  th e  p e r f e c t  l a t t i c e
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s e p a r a t i o n s  a r e  r e q u i r e d .  The m ethod th e n  assum es t h a t  f o r  a l l  th e  
d i s p l a c e m e n ts  w hich  o c c u r  when a d e f e c t  i s  i n t r o d u c e d  i n t o  t h e  m o d e l ,  
t h e  p o t e n t i a l  h a s  a  h a rm o n ic  fo rm . T hus ,  f o r  a  g iv e n  r a n g e  o f  i n t e r ­
a c t i o n ,  a m a t r i x  o f  f o r c e  c o n s t a n t s  c a n  be  drawn up and t h i s  i s  u s e d  
to  r e l a t e  t h e  a to m ic  d i s p l a c e m e n ts  i n  r e a l  s p a c e  to  a  d i s t r i b u t i o n  o f  
e x t e r n a l  f o r c e s ,  w hich a r e  s a i d  to  a r i s e  from  t h e  p r e s e n c e  o f  th e  d e f e c t ,  
and w hich a c t  i n d i v i d u a l l y  on th e  atom s i n  t h e  m ode l .  M a th e m a t i c a l l y ,  
t h i s  i s  e x p r e s s e d  as
F . (s  + u ( s ) )  = £ $ ? - ( s  -  s ’ ) u . ( s ’ ) , ( 1 .1 3 )
,  - L J  J
w here  F^(s^ + _u(s)) a r e  t h e  f o r c e s  e x e r t e d  by th e  d e f e c t  on th e  h o s t  a tom s 
i n  t h e i r  d i s p l a c e d  p o s i t i o n s ,  u j  (s.1) a r e  th e  d i s p l a c e m e n t s  o f  th e  a tom  
o r i g i n a l l y  s i t u a t e d  a t  t h e  l a t t i c e  s i t e  s^1 and $£j  ( s  “  th e  h o s t
atom  f o r c e  c o n s t a n t  m a t r i x ,  d e f i n e d  by
> . . ( s - s ' ) = - 5 — r -f v - - >- iY • ( 1 .1 4 )i j ~  -  3ui ( s ) a u . ( s / )
I n  e q u a t i o n  ( 1 . 1 4 ) ,  <J> i s  t h e  i n t e r a t o m i c  p o t e n t i a l  f o r  t h e  h o s t  a to m s ,  
and i t  i s  t h i s  w hich  h a s  b e e n  assum ed h a rm o n ic  i n  t h e  d e r i v a t i o n  o f  
E q u a t io n  ( 1 . 1 3 ) .  I f  now th e  i m p e r f e c t  l a t t i c e  i s  made j u s t  one c e l l  o f  
an  i n f i n i t e  s u p e r l a t t i c e ,  w i t h  e a ch  o f  t h e s e  s u p e r c e l l s  c o n t a i n i n g  N 
u n i t  c e l l s  and one  d e f e c t ,  F .(s^  + u _ (s ) ) ,  $ . . ( s ^  -  s ' )  and  u . ( s ’ ) c a n  be  
r e p l a c e d  by t h e i r  F o u r i e r  t r a n s f o r m s  I \ ,  and  r e s p e c t i v e l y .  T hus ,
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* i i ^  “  £* )  = n  I  Ai 4 (£ )e x p  i  q - ( s  -  s / )  
£
u j ( £ ' )  = f  I  Q j(q )e x p  i  q-s_'
( 1 .1 5 )
w here  t h e  sum m ation i s  o v e r  t h e  N d i s t i n c t  q v e c t o r s  o f  t h e  f i r s t  B r i l l o u i n  
zone . E q u a t io n  ( 1 .1 3 )  may th e n  be  w r i t t e n
qcs) = A . j q. (a> , ( 1 .1 6 )
o r ,  by  i n v e r t i n g  A . ,  t o  S2^.,
Qj^Cq) .= ^ j  (q )  r j  (q) . ( 1 .1 7 )
H ence , i n  r e a l  s p a c e
1  r
u i ( - )  = H ‘  j (a.) rj ( ^ ) ex P i  q-s . ( 1 .1 8 )
Thus, a s  f a r  a s  th e  d i s p l a c e m e n ts  u ^(_s) a ro u n d  th e  d e f e c t  a r e  c o n c e r n e d ,  
th e  p ro b le m  h a s  r e d u c e d  to  one o f  f i n d i n g   ^ and p e r f o r m in g  th e  sum m ation  
i n d i c a t e d  i n  E q u a t io n  ( 1 . 1 8 ) .  S in c e  th e  f o r c e s  F j  (s^ + u ( s ) )  and t h e i r  
a s s o c i a t e d  F o u r i e r  t r a n s f o r m s  Fj ( q )  a r e  unknowns, th e  n o rm a l  p r a c t i c e  i s  to  
s o lv e  E q u a t io n  ( 1 .1 8 )  u s in g  an i t e r a t i v e  p r o c e d u r e .  In  th e  f i r s t  a p p ro x im a ­
t i o n  F j  a r e  e v a l u a t e d  on th e  a s su m p t io n  t h a t  t h e  atoms do n o t  s u f f e r  any 
d i s p l a c e m e n ts  f rom  t h e i r  p e r f e c t  l a t t i c e  s i t e s .  The u^ a r e  th e n  c a l c u l a t e d  
and  u se d  to  o b t a i n  a  b e t t e r  a p p ro x im a t io n  to  F ^ , and t h i s  i t e r a t i o n  i s  
c o n t in u e d  u n t i l  a  s e l f - c o n s i s t e n t  s o l u t i o n  r e s u l t s .  I t  i s  a l s o  p o s s i b l e  to  
e v a l u a t e  th e  e n e rg y  o f  th e  d e f e c t  sy s te m  u s in g  E q u a t io n s  ( 1 .1 3 )  to  ( 1 . 1 5 ) ,  
and a  f u l l  d i s c u s s i o n  o f  t h i s  h a s  b een  g iv e n  by F lo c k e n  and  Hardy ( 1 9 7 0 a ) .
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Of th e  two m ethods w hich  have  b e e n  d e s c r i b e d  a b o v e ,  th e  r e c i p r o c a l  
sp a c e  m ethod would a p p e a r ,  a t  f i r s t  s i g h t ,  t o  be  t h e  more a t t r a c t i v e .
Thus t h e  s o l u t i o n s  w hich  a r e  o b t a i n e d  f o r  th e  e n e r g i e s  and  d i s p l a c e m e n t  
f i e l d s  o f  a  p a r t i c u l a r  d e f e c t  a r e  a n a l y t i c a l ,  w h e reas  w i t h  t h e  r e a l  s p a c e  
m ethod th e  c o r r e s p o n d in g  r e s u l t s  a r e  o b t a i n e d  n u m e r i c a l l y .  H ow ever, t h e  
r e c i p r o c a l  s p a c e  m ethod s u f f e r s  from  two s e v e r e  l i m i t a t i o n s .  F i r s t l y ,  t h e  
a s s u m p t io n  i s  made th r o u g h o u t  th e  d e v e lo p m en t  o f  th e  t h e o r y  t h a t  t h e  i n t e r ­
a to m ic  p o t e n t i a l s  a r e  h a rm o n ic .  C l e a r l y  t h i s  a s su m p t io n  w i l l  o n l y  b e  v a l i d  
i f  t h e  a to m ic  d i s p l a c e m e n ts  u_(s) a r e  s m a l l ,  and f o r  t h e  g r e a t  m a j o r i t y  o f  
c r y s t a l l i n e  d e f e c t s ,  t h i s  i s  n o t  t h e  c a s e .  S e c o n d ly ,  t h e  r e c i p r o c a l  s p a c e  
m ethod becomes i n t r a c t a b l e  f o r  a l l  b u t  th o s e  d e f e c t s  w i t h  a  h i g h  d e g r e e  o f  
sym m etry . F o r  t h e s e  r e a s o n s ,  m ost  o f  th e  a p p l i c a t i o n s  o f  t h e  m ethod h a v e  b e e n  
r e s t r i c t e d  to  s im p le  p o i n t  d e f e c t s  i n  c u b ic  m a t e r i a l s  ( s e e  § 1 . 2 ) .  I n  c o n t r a s t ,  
t h e r e  a r e  no su c h  i n h e r e n t  l i m i t a t i o n s  w i t h  r e a l  sp a c e  m e th o d s .  The i n t e r ­
a to m ic  p o t e n t i a l s  may have  any d e s i r e d  anharm on ic  fo rm , and t h e  r e l a x e d  a to m ic  
c o n f i g u r a t i o n s  and e n e r g i e s  o f  com plex low symmetry d e f e c t s  c a n  b e  o b t a i n e d  
w i th  r e l a t i v e  e a s e .  T hus , h a v in g  s p e c i f i e d  an  i n t e r a t o m i c  p o t e n t i a l  and  a  
r e l a x a t i o n  p r o c e d u r e ,  m odels  can  be s e t  up to  i n v e s t i g a t e  an y  p a r t i c u l a r  d e f e c t ,  
p r o v id e d  s u i t a b l e  b o u n d a ry  c o n d i t i o n s  can  b e  fo u n d .
1 .2  B r i e f  Review o f  P r e v io u s  Work
A fo rm a l  r e v i e w  o f  t h e  a p p l i c a t i o n s  o f  a t o m i s t i c  s i m u l a t i o n  t e c h n i q u e s  
t o  p ro b le m s  o f  c r y s t a l  l a t t i c e  d e f e c t  phenomena i s  beyond th e  s c o p e  o f  t h i s  
t h e s i s .  Many e x t e n s i v e  re v ie w s  have  a l r e a d y  b e e n  w r i t t e n  on t h e  s u b j e c t  ( s e e
e . g .  G eh len  e t  a l . ,  1972a; J o h n so n ,  1973; V i t e k ,  1974; J o h n s o n ,  1976 ; Chadwick 
and S m ith ,  1 9 7 6 ) ,  and th e  r e a d e r  i s  r e f e r r e d  to  t h e s e  f o r  a  c o m p re h e n s iv e  
s u r v e y .  The p u rp o s e  o f  t h i s  s e c t i o n  i s  s im p ly  to  p r o v id e  a  b r i e f  h i s t o r i c a l
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a c c o u n t  o f  some o f  th e  more im p o r ta n t  d e v e lo p m en ts  i n  th e  f i e l d  s in c e  
i t s  b e g in n in g s  i n  th e  1950 ’ s .
C r e d i t  f o r  p e r f o r m in g  t h e  f i r s t  d i s c r e t e  l a t t i c e  c a l c u l a t i o n s  o f  
d e f e c t s  i s  g e n e r a l l y  g iv e n  t o  H u n t in g to n  and h i s  c o -w o rk e rs  . Thus from  
w ha t  was e s s e n t i a l l y  a  hand  c a l c u l a t i o n ,  H u n t in g to n  (1953) f i r s t  r e p o r t e d  
r e s u l t s  on th e  m o b i l i t i e s  o f  s e l f  i n t e r s t i t i a l s  i n  a m odel o f  f . c . c .  c o p p e r .
T h is  was soon  fo l lo w e d  by c a l c u l a t i o n s  on th e  s t r u c t u r e s  o f  edge  and sc re w  
d i s l o c a t i o n s  i n  NaCl (H u n t in g to n  e t  a l . , 1 9 5 5 ) .  B oth  o f  t h e s e  c a l c u l a t i o n s  
w ere  o f  t h e  r e a l  s p a c e  ty p e  and b o t h .u s e d  p u r e l y  r e p u l s i v e  Born Mayer 
p o t e n t i a l s  to  r e p r e s e n t  th e  a to m ic  i n t e r a c t i o n s .  I n  s p i t e  o f  th e  c ru d e  
p o t e n t i a l s ,  many o f  th e  i n t e r s t i t i a l  r e s u l t s  a r e  i n  s u r p r i s i n g l y  good a g r e e ­
m ent w i th  t h o s e  o b t a i n e d  from  th e  m ost  r e c e n t ,  h i g h l y  s o p h i s t i c a t e d  wprks 
(Doneghan, 1976) .
I n s p i r e d  by H u n t in g to n ts (1953) s t u d i e s ,  Tew ord t (1958) r e a l i z e d  t h a t  
com pu te rs  w ere  i d e a l l y  s u i t e d  t o  a t o m i s t i c  c a l c u l a t i o n s ,  and a c c o r d i n g l y ,  
he  c o n s t r u c t e d  th e  f i r s t  com pute r  model to  e x te n d  t h i s  e a r l i e r  w ork . A l th o u g h  
T ew ordt d id  n o t  c a l c u l a t e  th e  f o r m a t io n  e n e r g i e s  o f  h i s  p o i n t  d e f e c t s  c o r r e c t l y ,  
h i s  m odel l a i d  t h e  f o u n d a t i o n s  f o r  th e  r e a l  s p a c e  com pu te r  s i m u l a t i o n  m ethods  
w hich  a r e  i n  u s e  to d a y .
The m o t i v a t i o n  f o r  H u n t i n g to n ’ s (1953) s tu d y  was c e n t r e d  upon th e  n e e d  
f o r  a  d e s c r i p t i o n  o f  r a d i a t i o n  damage phenomena i n  m e t a l s ,  and  i t  was w i t h  
p r e c i s e l y  t h e  same m o t i v a t i o n  t h a t  th e  B rookhaven  group  d e v e lo p e d ,  i n d e p e n ­
d e n t l y  o f  T ew o rd t ,  com pu te r  m odels  to  i n v e s t i g a t e  p o i n t  d e f e c t s  i n  c o p p e r .  
A l th o u g h  t h e i r  m odels  were b e in g  d e v e lo p e d  a t  t h e  same t im e  as  T e w o rd t ’ s ,  t h e  
f i r s t  p u b l i c a t i o n  w hich was made by t h e  Brookhaven  g roup  d i d  n o t  a p p e a r  u n t i l  
1960 (G ibson  e t  a l . ,  1 9 6 0 ) .  I n  t h e i r  s t u d i e s ,  two p ro b le m s  w ere  t a c k l e d .  The
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f i r s t  o f  t h e s e  was t o  exam ine th e  a c t u a l  p r o c e s s  o f  r a d i a t i o n  damage by 
f o l l o w i n g  t h e  m o tio n s  in d u c e d  i n  an  i n i t i a l l y  s t a t i c  a r r a y  o f  a tom s by 
th e  p a s s a g e  o f  a  f a s t  p a r t i c l e ,  and th e  se co n d  to  e s t a b l i s h  t h e  m o s t  s t a b l e  
s t a t i c  c o n f i g u r a t i o n s  o f  p o i n t  d e f e c t s .  F o r  th e  second  o f  t h e s e  a s p e c t s ,  
t h e  p o i n t  d e f e c t s  c o u ld  be  p ro d u c e d  e i t h e r  by s u b j e c t i n g  p a r t i c u l a r  a tom s 
to  an  im p u ls e ,  o r  by s e t t i n g  up s p e c i a l  i n i t i a l  c o n d i t i o n s  d e s ig n e d  to  
p ro d u c e  th e  d e f e c t s  i n  th e  e x a c t  p o s i t i o n s  r e q u i r e d .  W ith o u t  d o u b t ,  t h i s  
work s e r v e d  to  p o p u l a r i z e  a t o m i s t i c  s i m u l a t i o n s  much more th a n  t h e  e a r l i e r  
works o f  H u n t in g to n  (1953) and T ew ordt (1958) had  d o n e ,  and a g r e a t  many o f  
th e  s u b s e q u e n t  s t u d i e s  w hich  w ere  made i n  t h e  1 9 6 0 ’ s r e l i e d  h e a v i l y  on th e  
B rookhaven  m ode l .
I n  a  s i m i l a r  m anner t o  H u n t in g to n  ( 1 9 5 3 ) ,  Tew ordt (1958) and G ibson  e t  
a l .  (1960) u se d  Born Mayer p o t e n t i a l s  i n  t h e i r  s i m u l a t i o n s ,  and th e  n e x t  
s t a g e  i n  th e  d ev e lo p m en t o f  th e  t e c h n iq u e s  was f o r  i n d i v i d u a l  g ro u p s  to  
e x te n d  t h e s e  e a r l y  c a l c u l a t i o n s  by u s i n g  a l t e r n a t i v e ,  more p h y s i c a l  p o t e n t i a l s  
and by e x a m in in g  more complex c l u s t e r s  o f  p o i n t  d e f e c t s  i n  even  l a r g e r  m o d e ls .  
Morse p o t e n t i a l s ,  d e r i v e d  by G i r i f a l c o  and W e ize r  (1959) w ere  u s e d  f o r  much 
o f  t h i s  w ork , and i t  was w i t h  th e  a i d  o f  su c h  p o t e n t i a l s  t h a t  Bennemann and 
Tew ord t (.1960) and Bennemann (1961a;  1961b) were a b l e  to  e x te n d  T e w o rd t 1 s 
e a r l i e r  c a l c u l a t i o n s  t o  exam ine v a c a n c i e s ,  F r e n k e l  p a i r s  and d i - i n t e r s t i t i a l s  
i n  c o p p e r .  I n  th e  m ean tim e , p a r a l l e l  s t u d i e s  b e in g  c a r r i e d  o u t  by  V in e y a rd  
(1961) and S c h o t tk y  (1960) w ere  b e g in n in g  to  shoxtf t h a t  c l u s t e r s  o f  up to  
f o u r  v a c a n c i e s  c o u ld  be  s im u la t e d  q u i t e  r e l i a b l y .
I t  was n o t  u n t i l  1964 t h a t  t h e  n e x t  m a jo r  ad v an ce  i n  a t o m i s t i c  s i m u l a ­
t i o n  t e c h n i q u e s  to o k  p l a c e ,  and once a g a in  t h i s  was i n  th e  f i e l d  o f  t h e  i n t e r ­
a to m ic  p o t e n t i a l s .  Thus Johnson  (1964) was a b l e  to  d e r i v e  a  p o t e n t i a l  p u r e l y
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from  c o n s i d e r a t i o n s  o f  e l a s t i c  c o n s t a n t s  f o r  a - i r o n ,  and  t h i s  i s  g e n e r a l l y  
c o n s id e r e d  to  be th e  f i r s t  e m p i r i c a l  p o t e n t i a l  w hich  was p r o d u c e d .  A t 
t h a t  t im e ,  v e r y  l i t t l e  work had  b een  r e p o r t e d  f o r  th e  b . c . c .  m e t a l s ,  p r im a ­
r i l y  b e c a u s e  t h e  a v a i l a b l e  s e m i e m p i r i c a l  p o t e n t i a l s  c o u ld  n o t  y i e l d  a  s t a b l e  
b . c . c .  s t r u c t u r e ,  and Johnson ’ s (1964) work s e r v e d  to  pave  t h e  way n o t  o n ly  
f o r  d e f e c t  c a l c u l a t i o n s  i n  b . c . c .  m e t a l s  b u t  a l s o  f o r  t h e  d e v e lo p m e n t  o f  
e m p i r i c a l  p o t e n t i a l s  f o r  t h e i r  c o u n te r  p a r t  f . c . c .  m e t a l s .  I n  h i s  1964 
p a p e r ,  Jo h n so n  p r e s e n t e d  r e s u l t s  on th e  s t a b i l i t y ,  s t r u c t u r e  and  m i g r a t i o n  
c h a r a c t e r i s t i c s  o f  v a c a n c i e s  and i n t e r s t i t i a l s  i n  a - i r o n ,  an d  t h i s  was 
fo l lo w e d  i n  s u b s e q u e n t  p a p e r s  ( Jo h n so n  e t  a l . ,  1964; J o h n s o n ,  1967; J o h n s o n ,  
1972; W ilso n  and J o h n s o n ,  1972) by e x t e n s i v e  s t u d i e s  o f  th e  p r o p e r t i e s  o f  
i m p u r i t y  i n t e r s t i t i a l s  i n  t h e  w hole  r a n g e  o f  b . c . c .  t r a n s i t i o n  m e t a l s ,  a l l  
o f  w h ich  u se d  e m p i r i c a l  p o t e n t i a l s .
A l th o u g h  H u n t in g to n  had  s u c c e s s f u l l y  s t u d i e d  th e  a t o m i s t i c  p r o p e r t i e s  
o f  d i s l o c a t i o n s  i n  as  e a r l y  as  1954, no  o t h e r  a t t e m p t s  a t  r e a l  s p a c e  d i s l o c a ­
t i o n  s i m u l a t i o n s  w ere  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  a  f u r t h e r  t e n  y e a r s ,  
u n t i l  Doyama and C o t t e r i l l  (1964) p u b l i s h e d  t h e i r  r e s u l t s  on t h e  s t r u c t u r e  o f  
th e  \  <110> {111} edge  d i s l o c a t i o n  i n  c o p p e r .  F o r  t h i s  and  a  l a t e r  p u b l i c a t i o n  
on th e  s t r u c t u r e  o f  t h e  c o r r e s p o n d in g  i  <110> s c re w  d i s l o c a t i o n  ( C o t t e r i l l  and 
Doyama, 1 9 6 5 ) ,  Morse p o t e n t i a l s  w ere  u se d  to  m odel t h e  h y p o t h e t i c a l  f . c . c .  
m e t a l ,  and r a t h e r  s u r p r i s i n g l y ,  no  d i s l o c a t i o n  d i s s o c i a t i o n  was n o t e d  i n  e i t h e r  
s t u d y .  Now, s i n c e  e m p i r i c a l  p o t e n t i a l s  can be  m atched  to  r e l a t i v e l y  l a r g e  
amounts o f  e x p e r i m e n t a l  d a t a ,  i t  o c c u r r e d  t o  E n g l e r t  and h e r  c o -w o rk e r s  t h a t ,  
i n  c o n n e c t io n  w i th  such  a p ro b le m , i t  s h o u ld  be  p o s s i b l e  to  m a tc h  f . c . c .  p o t e n ­
t i a l s  to  s t a c k i n g  f a u l t  d a t a .  A c c o r d in g ly  a c o p p e r  p o t e n t i a l  was p ro d u c e d  
w hich had  j u s t  such  a c h a r a c t e r i s t i c  ( E h g l e r t  e t  a l . ,  1 9 7 0 ) ,  and  w i t h  t h i s  
p o t e n t i a l  N o r g e t t  e t  a l . (1972) and P e r r i n  and S av in o  (1973) showed t h a t
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d i s l o c a t i o n  d i s s o c i a t i o n  c o u ld  be  r e a d i l y  s i m u l a t e d .
S in c e  th e  mid 1 9 6 0 f s ,  th e  number and r a n g e  o f  a p p l i c a t i o n s  o f  r e a l  
sp a ce  com puter  s i m u l a t i o n  t e c h n i q u e s  h a s  grown r a p i d l y  w i t h  th e  d e v e lo p m en t  
o f  l a r g e  h ig h - s p e e d  c o m p u te r s .  By 1970 , e x t e n s i v e  s t u d i e s  o f  t h e  a to m ic  
d i s p l a c e m e n ts  and e n e r g i e s  o f  p l a n a r  d e f e c t s ,  such  as s t a c k i n g  f a u l t s  and  
tw in  b o u n d a r i e s ,  i n  b . c . c . ,  f . c . c .  and h . c . p .  m e t a l s  had  b e e n  u n d e r t a k e n  
( s e e  e . g .  V i t e k ,  1968 ; S c h w a r tz k o p f f ,  1 9 6 9 ) ,  and s h o r t l y  a f t e r  t h i s  a 
number o f  g ro u p s  became v e r y  a c t i v e l y  i n v o lv e d  i n  a t o m i s t i c  s i m u l a t i o n s  o f  
t i l t  g r a i n  b o u n d a r i e s  i n  m odels  o f  f . c . c .  m e t a l s  (Dahl e t  a l . ,  1972 ; H asson  
e t  a l . ,  1972; W eins ,  1 9 7 2 ) .  M e t a l l i c  s u r f a c e s  and  s u r f a c e  l e d g e s  h av e  a l s o  
b e e n  s im u l a t e d  r e c e n t l y  ( B e e l e r ,  1972; P r i c e  and H i r t h ,  1 9 7 6 ) .  However one 
o f  t h e  m o s t  i n t e r e s t i n g  d e v e lo p m en ts  w h ich  h a s  t a k e n  p l a c e  i n  r e c e n t  y e a r s  
h a s  b e e n  th e  a p p l i c a t i o n  o f  a t o m i s t i c  c a l c u l a t i o n s  t o  t h e  s tu d y  o f  p l a n a r  
d e f e c t s  i n  n o n - m e t a l l i c  m a t e r i a l s .  Thus T a t lo c k  e t  a l .  (1977) h a v e  i n v e s t i ­
g a te d  th e  s t r u c t u r e s  o f  tw in  b o u n d a r i e s  i n  a - n i t r o g e n ,  and G eary  and  Bacon 
(1976) h av e  s t u d i e d  th e  same d e f e c t s  i n  m odels  o f  p o l y e t h y l e n e .
So f a r ,  a l l  o f  th e  s i m u l a t i o n s  w hich  have  b een  m en t io n e d  i n  t h i s  s e c t i o n  
have  made u s e  o f  r e a l  s p a c e  m e th o d s , i n  w hich  th e  p o t e n t i a l  e n e rg y  o f  a  l a r g e  
a to m ic  a s se m b ly  i s  m in im iz ed  d i r e c t l y  w i t h  r e s p e c t  t o  t h e  a to m ic  p o s i t i o n s .  
S im u la t io n s  o f  t h e  ty p e  p i o n e e r e d  by K anzak i  (1 9 5 7 ) ,  i n  w hich  th e  e q u a t i o n s  
o f  e q u i l i b r i u m  a r e  s o lv e d  i n  r e c i p r o c a l  s p a c e ,  h av e  b een  much l e s s  num erous 
o v e r  t h e  same p e r i o d  o f  t im e .  How ever, t h e r e  h a v e  s t i l l  b e e n  s e v e r a l  n o t a b l e  
d e f e c t  s t u d i e s  w hich  have  b een  made u s in g  th e  r e c i p r o c a l  s p a c e  m e th o d ,  and  t h e s e  
a r e  o u t l i n e d  b e lo w .
As s t a t e d  e a r l i e r  i n  t h i s  c h a p t e r ,  i t  was K anzak i  (1957) who o r i g i n a l l y  
d e v e lo p e d  th e  r e c i p r o c a l  space  s i m u l a t i o n  m ethod i n  o r d e r  t o  s tu d y  t h e  a to m ic
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d i s p l a c e m e n ts  p ro d u c e d  a ro u n d  a s i n g l e  v a c an c y  i n  s o l i d  a r g o n .  I n  h i s  w o rk ,  
and i n  a  l a t e r  s tu d y  w hich  was c a r r i e d  o u t  by  Hardy ( 1 9 6 0 ) ,  t h e  a s s u m p t io n  was 
made t h a t  t h e  h o s t  atoms i n  t h e  m odel c r y s t a l  o n ly  s u f f e r e d  n e a r e s t  n e ig h b o u r  
i n t e r a c t i o n s .  S in c e  H a rd y ’ s (1960) work was n o t  on t h e  same m a t e r i a l  h o w e v e r ,  
and s i n c e  he  was d e a l i n g  w i t h  s u b s t i t u t i o n a l  im p u r i ty  a to m s ,  he  was f o r c e d  to  
e x te n d  Kanzaki'^s  o r i g i n a l  t r e a t m e n t  o f  th e  p o i n t  d e f e c t  p ro b le m .  In  f a c t  
H a rd y ’ s aim was to  i n v e s t i g a t e  t h e  p r o p e r t i e s  o f  i s o l a t e d  s i n g l e ,  and 
i n t e r a c t i n g  p a i r s  o f  p o t a s s iu m  atom s w i t h i n  a NaCl c r y s t a l ,  and f o r  t h i s ,  
he a l lo w e d  f o r  lo n g  ra n g e  i n t e r a c t i o n s  b e tw e en  p a i r s  o f  p o t a s s i u m  a to m s .
In  a d d i t i o n  t o  a p p ly i n g  th e  K anzak i  m ethod to  h i s  s p e c i f i c  d e f e c t  p r o b le m ,  
Hardy a l s o  d e m o n s t ra te d  i n  h i s  1960 p a p e r  th e  r e l a t i o n s h i p  b e tw e e n  t h e  
d i s c r e t e  l a t t i c e  and con tinuum  t h e o r i e s  o f  p o i n t  d e f e c t s .
F o l lo w in g  H a rd y ’ s (1960) w ork , th e  n e x t  advance  i n  t h e  r e c i p r o c a l  
s p a c e  m ethod a p p e a re d  i n  1968, and t h i s  to o k  t h e  fo rm  o f  t h e  f i r s t  a p p l i c a ­
t i o n  o f  th e  m ethod t o  d e f e c t s  i n  m e t a l s .  B u l lo u g h  and H ardy  (1968) c o n s i d e r e d  
th e  s i n g l e  v a c a n c y  and p a i r s  o f  v a c a n c i e s  i n  t h e  f . c . c .  m e t a l s  c o p p e r  and  
a lum in ium . U n l ik e  i n  t h e  p r e v i o u s  s t u d i e s ,  t h e s e  a u t h o r s  e f f e c t i v e l y  made u s e  
o f  a  p o t e n t i a l  w hich  e x te n d e d  o u t  to  seco n d  n e a r e s t  n e ig h b o u r  d i s t a n c e s ,  and 
th e y  showed t h a t  t h e  i n t e r a c t i o n  e n e rg y  b e tw een  two v a c a n c i e s  c o u ld  ch an g e  i n  
s ig n  a s  t h e  s e p a r a t i o n  o f  th e  two d e f e c t s  was i n c r e a s e d .
W ith  o n ly  m ino r  a l t e r a t i o n s ,  B u l lo u g h  and H a rd y ’ s (1968) m odel was 
a p p l i e d  i n  s u b s e q u e n t  s i m u l a t i o n s  to  v a c a n c i e s  i n  o t h e r  f . c . c .  and  a l s o  b . c . c .  
m e t a l s  (F lo c k e n  and H ard y ,  1969; F lo c k e n ,  1970) and to  i n t e r s t i t i a l s  i n  c o p p e r  
(F lo c k e n  and H ard y ,  1968; 1 9 7 0 ) .  More r e c e n t l y ,  t h e s e  p o i n t  d e f e c t  c a l c u l a ­
t i o n s  h av e  b e e n  e x te n d e d  by  a number o f  a u t h o r s .  Thus Kenny e t  a l . (1973) 
have  i n v e s t i g a t e d  v a c a n c i e s  i n  t h e  b . c . c .  m e ta l s  a - i r o n ,  molybdenum and v a n a ­
dium , and M i l l e r  and H ea ld  (1 9 7 5 ;  1976) v a c a n c i e s  and i n t e r s t i t i a l s  i n
. a lum in ium  and th e  f . c . c .  n o b le  m e t a l s .  I n  a d d i t i o n ,  N ic h o ls o n  and 
Bacon (1975) have  a l s o  s t u d i e d  th e  p r o p e r t i e s  o f  s i n g l e  v a c a n c i e s  i n  a  
tw o - d im e n s io n a l  model o f  g r a p h i t e .
A p a r t  from  p o i n t  d e f e c t s , t h e r e  h a s  o n ly  b een  one o t h e r  f i e l d  to  
w hich  K a n z a k i* s  r e c i p r o c a l  s p a c e  m ethod h a s  b e e n  a p p l i e d ,  and t h a t  i s  to  
sc re w  d i s l o c a t i o n s .  Boyer and Hardy (1971) p i o n e e r e d  t h i s  work by s t u d y i n g  
b o th  t h e  \  <1 1 1 > and \  <1 1 0 > s c re w  d i s l o c a t i o n s  i n  m odels  o f  b . c . c .  and
f . c . c .  m e t a l s ,  and t h i s  was r e c e n t l y  e x te n d e d  by H e in sc h  and S in e s  (1976a)  , 
who c a r r i e d  o u t  an im proved  b .c  . c . c a l c u l a t i o n .  S in c e  t h e s e  s t u d i e s  armed 
th e  a u th o r s  w i t h  a  c o m p le te  know ledge o f  t h e  a to m ic  d i s p l a c e m e n t  f i e l d s  
a ro u n d  t h e s e  d i s l o c a t i o n s ,  t h i s ,  t o g e t h e r  w i t h  th e  i n f o r m a t i o n  w h ich  th e y  
a l r e a d y  had .on v a c a n c y  d i s p l a c e m e n t  f i e l d s  p e r m i t t e d  t h e s e  a u t h o r s  to  
c a l c u l a t e  a p p ro x im a te  v a l u e s  f o r  v a c a n c y - s c r e w  d i s l o c a t i o n  i n t e r a c t i o n  
e n e r g i e s  (B oyer and H a rd y ,  1972; H e i n i s c h  and S i n e s ,  1 9 7 6 b ) .
A l th o u g h  th e  above i s  a  r a t h e r  c o n c i s e  a c c o u n t  o f  some o f  t h e  m o s t  
i m p o r t a n t  d e v e lo p m en ts  i n  b o th  t h e  ty p e s  o f  a t o m i s t i c  s i m u l a t i o n  m e th o d ,  i t  
does  s e r v e  to  em p h as ize  th e  f a c t  t h a t  i n  co m p a r iso n  w i t h  th e  r e a l  s p a c e  
m ethod , th e  r e c i p r o c a l  s p a c e  m ethod can  o n ly  be  a p p l i e d  to  t h e  s i m p l e s t ,  
h i g h l y  sym m etr ic  d e f e c t  s i t u a t i o n s .  T h u s ,  f o r  e x a m p le ,  w h e re as  t h e  m o s t  
c o m p l ic a te d  p o i n t  d e f e c t  c a l c u l a t i o n s  w h ich  h a v e  b e e n  c a r r i e d  o u t  u s i n g  
r e c i p r o c a l  m ethods h av e  b een  f o r  d i v a c a n c i e s  and d i - i n t e r s t i t i a l s  ( B u l lo u g h  
and H a rd y ,  1968; F lo c k e n  and H a rd y ,  1 9 6 8 ) ,  d e f e c t  c l u s t e r s  c o n t a i n i n g  37 and  
61 v a c a n c i e s  have  s u c c e s s f u l l y  been  s i m u l a t e d  u s i n g  r e a l  s p a c e  m ethods  
(S a v in o  and P e r r i n ,  1 9 7 4 ) .
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CHAPTER 2 
THE COMPUTER MODELS
2 .1  I n t r o d u c t i o n
Model e x p e r im e n t s  p e r fo rm e d  u s in g  d i g i t a l  co m p u te rs  a r e  p a r t i c u l a r l y  
w e l l  s u i t e d  t o  s t u d i e s  o f  c r y s t a l  l a t t i c e  d e f e c t  phenom ena. By g e n e r a t i n g  
a d i s c r e t e  l a t t i c e  m odel c o n t a i n i n g  s e v e r a l  th o u sa n d  a to m s ,  p e r t u r b a t i o n s  
s i m u l a t i n g  th e  d e f e c t s  c a n  be  i n t r o d u c e d  a t  w i l l ,  and th e  e n e rg y  and a to m ic  
s t r u c t u r e  m o n i to re d  i n  c o m p le te  d e t a i l .  F u r th e r m o r e ,  com pu te r  s i m u l a t i o n  
m ethods o f f e r  d i s t i n c t  a d v a n ta g e s  o v e r  t h e i r  c o u n t e r p a r t  e x p e r im e n ta l ,  m e th o d s ; 
i n  a  com puter  m ode l ,  t h e  program m er h a s  c o n t r o l  o v e r  a l l  o f  t h e  v a r i a b l e s  i n  
th e  s i m u l a t i o n ,  so  t h a t  e s s e n t i a l  p a r a m e te r s  can  be  v a r i e d  i n  ways w h ich  a r e  
o f t e n  i m p o s s ib l e  t o  r e a l i z e  i n  th e  l a b o r a t o r y .  F o r  e x a m p le ,  a  s i n g l e  i m p u r i t y  
a tom , v a c a n c y  o r  i n t e r s t i t i a l  can  be c r e a t e d  a t  any p o i n t  i n  a  c r y s t a l ,  and 
moved i n  c h o sen  d i r e c t i o n s  n e a r  o t h e r  p o i n t  d e f e c t s  o r  n e a r  e x te n d e d  d e f e c t s .  
I d e a l i z e d  i n v e s t i g a t i o n s  o f  t h i s  s o r t  c o u ld  n e v e r  be  made u s i n g  l a b o r a t o r y  
m e th o d s .
A l th o u g h  many o f  t h e  f i n e r  d e t a i l s  a r e  d i f f e r e n t ,  t h e  g e n e r a l  p r i n c i p l e s
o f  t h e  r e a l  s p a c e  com pu te r  s i m u l a t i o n  t e c h n iq u e  have  n o t  ch an g ed  s i n c e  th e
e a r l y  work o f  G ib so n  e t  a l .  ( 1 9 6 0 ) ,  a s  i s  e v i d e n t  from  much o f  th e  p u b l i s h e d  
m a t e r i a l  i n  t h i s  f i e l d .  B a s i c a l l y  th e  t e c h n iq u e  i n v o lv e s  f o u r  s t e p s :
( i )  g e n e r a t i o n  o f  th e  p e r f e c t  l a t t i c e  m odel 
( i i )  s p e c i f i c a t i o n  o f  th e  i n t e r a t o m i c  p o t e n t i a l  
( i i i )  c r e a t i o n  o f  th e  d e f e c t  t o  be s t u d i e d  
( i v )  m in i m i z a t i o n  o f  th e  p o t e n t i a l  e n e rg y  o f  th e  m o d e l .
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I n i t i a l l y ,  a  m a th e m a t ic a l  model i s  b u i l t ,  h a v in g  th e  c o r r e c t  l a t t i c e  
s t r u c t u r e ,  and a s i z e  and o r i e n t a t i o n  c h o se n  to  s u i t  th e  geom etry  o f  th e  
d e f e c t  u n d e r  i n v e s t i g a t i o n .  S in c e  th e  s i z e  o f  t h e  m odel h a s  t h e  r e s t r i c ­
t i o n  t h a t  i t  m u s t  be f i n i t e ,  b o u n d a ry  c o n d i t i o n s  a r e  im posed  on i t s  o u t e r  
r e g i o n s  to  s im u l a t e  th e  p h y s i c a l  s i t u a t i o n  i n  an  i n f i n i t e  c r y s t a l .  An 
i n t e r a t o m i c  p o t e n t i a l ,  w hich  i s  u se d  t o  d e s c r i b e  t h e  m u tu a l  i n t e r a c t i o n  
b e tw e e n  n e ig h b o u r in g  atom s i s  th e n  s p e c i f i e d .  T h is  p r o v id e s  a  means by 
w hich  th e  e n e rg y  o f  th e  model c r y s t a l l i t e  can  be e v a l u a t e d ,  and i s  
p r o b a b ly  th e  m o st  i m p o r t a n t  f e a t u r e  o f  th e  c a l c u l a t i o n .  M e a n in g fu l  r e s u l t s  
can  o n ly  be  o b t a i n e d  i f  a  p h y s i c a l l y  r e a l i s t i c  p o t e n t i a l  i s  u s e d .  H av ing  
th u s  s u p p l i e d  a  p o t e n t i a l ,  t h e  n e x t  s t e p  i s  to  i n t r o d u c e  th e  d e f e c t  i n t o  th e  
m odel .  T h is  u s u a l l y  t a k e s  th e  f o r m .o f  a  f i r s t  a p p r o x im a t io n  to  t h e  f i n a l  
d e f e c t  c o n f i g u r a t i o n ,  so t h a t  f o r  e x a m p le ,  i f  a  s i n g l e  v a c a n c y  i s  b e i n g  
s t u d i e d ,  a n  atom i s  s im p ly  removed from  th e  c e n t r e  of th e  c r y s t a l l i t e .  
C l e a r l y ,  f o r  more c o m p l ic a te d  d e f e c t s ,  such  a s  d i s l o c a t i o n s ,  o r  g r a i n  
b o u n d a r i e s ,  more e l a b o r a t e  i n i t i a l  c o n d i t i o n s  a r e  r e q u i r e d .  F i n a l l y ,  t h e  
p o t e n t i a l  e n e rg y  o f  th e  m odel i s  m in im iz ed  by  a l l o w i n g  th e  a tom s to  r e l a x  
to  t h e i r  e q u i l i b r i u m  p o s i t i o n s  a ro u n d  th e  d e f e c t .  T h is  s t e p  i s  th e  m o s t  
im p o r t a n t  as  f a r  a s  th e  c o m p u ta t io n  i s  c o n c e r n e d ,  s i n c e  i t  u s u a l l y  d e t e r ­
m ines  t h e  a m o u n t .o f  com puter  p r o c e s s i n g  t im e  r e q u i r e d  f o r  th e  s i m u l a t i o n .
I n  t h i s  way, th e  f i n a l  r e s u l t  o b t a i n e d  f rom  a  s i m u l a t i o n  e x p e r im e n t  i s  a  
l i s t  o f  th e  e q u i l i b r i u m  a to m ic  c o - o r d i n a t e s ,  and an e s t i m a t e  o f  t h e  r e l a x e d  
e n e rg y  o f  th e  m odel c r y s t a l l i t e .
I t  i s  i m p o r t a n t  to  m e n t io n  a t  t h i s  p o i n t  t h a t  s i m u l a t i o n s  o f  t h e  s o r t  
o u t l i n e d  above a r e  e f f e c t i v e l y  p e rfo rm e d  a t  a b s o l u t e  z e ro  t e m p e r a t u r e ,  a s
s.
th e  e q u i l i b r i u m  c o n f i g u r a t i o n s  c o r r e s p o n d  to  atoms a t  r e s t .  I n  a  d y n a m ic a l  
s i m u l a t i o n  o f  a  c r y s t a l  ( B e e l e r ,  1 9 7 0 ) ,  e a c h  atom  would b e  g iv e n  a  t h e r m a l
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e n e r g y ,  and a l lo w e d  t o  v i b r a t e  c o n t i n u o u s l y  a b o u t  i t s  s t a t i c  e q u i l i b r i u m  
p o s i t i o n .  A l th o u g h  s e v e r a l  a u t h o r s  h a v e  i n c o r p o r a t e d  f i n i t e  t e m p e r a tu r e  
e f f e c t s  i n t o  t h e i r  c o m p u ta t io n a l  p r o c e d u r e s  ( e . g .  Dahl e t  a l . , 1971;
G e h le n ,  197 2 ) ,  t h i s  h a s  n o t  b e e n  done i n  th e  p r e s e n t  s t u d y .  I t  i s  f e l t  
t h a t  su c h  a d e g re e  o f  s o p h i s t i c a t i o n  i s  u n j u s t i f i e d  i n  t h e  l i g h t  o f  th e  
m ore s e r i o u s  a p p ro x im a t io n s  i n t r o d u c e d  i n t o  t h e  m odels  by  th e  i n t e r a t o m i c  
p o t e n t i a l s .  F u r t h e r  d i s c u s s i o n  o f  t h i s  p o i n t  w i l l  t h u s  be  d e f e r r e d  u n t i l  
C h a p te r  6 .
The co m p u te r  p rog ram s u s e d  to  o b t a i n  th e  r e s u l t s  p r e s e n t e d  i n  t h i s  
t h e s i s  a r e  b a s e d  upon a  s t a n d a r d  l a t t i c e  h a n d l i n g  p a c k a g e ,  known as  DEVIL 
( D e f e c t  E v a l u a t i o n  I n  L a t t i c e s ) ,  d e v e lo p e d  a t  A .E .R .E . ,  H a r w e l l .  DEVIL 
i t s e l f  was w r i t t e n  by  M .J .  N o r g e t t  i n . 1972, and c o n s i s t s  o f  a  s e t  o f  
FORTRAN s u b r o u t i n e s  w h ich  c a r r y  o u t  t h e  o p e r a t i o n s  o f  s e t t i n g  up t h e  
p e r f e c t  c r y s t a l  and m in im iz in g  i t s  e n e rg y  when d e f e c t s  a r e  c r e a t e d .  I n  
i t s  o r i g i n a l  fo rm , t h e  p a c k a g e  was u s e d  v e r y  s u c c e s s f u l l y  by  s e v e r a l  
members o f  t h e  H a rw e l l  g roup  to  i n v e s t i g a t e  a  r a n g e  o f  d e f e c t  p r o p e r t i e s  
* ( s e e  e . g .  N o r g e t t  e t  a l . ,  1972; P e r r i n  and S a v in o ,  1973; S a v in o  and  
P e r r i n ,  1 9 7 4 ) .  F o r  t h e  p u r p o s e s  o f  th e  p r e s e n t  w o rk ,  a d d i t i o n a l  s u b ­
r o u t i n e s  w ere  s u p p l i e d  t o  t h e  b a s i c  p rog ram  to  a l l o w  v a c a n c i e s ,  tw in  
b o u n d a r i e s  and d i s l o c a t i o n s  to  be s t u d i e d ,  u n d e r  v a r i o u s  s t r e s s  c o n d i t i o n s ,  
i n  m odels  o f  b . c . c .  m e t a l s .  F u r th e r m o r e ,  s i n c e  a  means o f  d i s p l a y i n g  r e s u l t s  
i n  a  g r a p h i c a l  form  i s  v e r y  d e s i r a b l e ,  s u b r o u t i n e s  w ere  a l s o  i n c l u d e d  t o  p l o t  
maps o f  t h e  a to m ic  c o n f i g u r a t i o n s  g e n e r a t e d  i n  t h e  s i m u l a t i o n s .
The p rogram s w ere  r u n  on th e  IBM 360/195  com pu te r  h o u s e d  a t  t h e  
R u t h e r f o r d  L a b o r a t o r y ,  v i a  a  G .P .O . l e a s e d  l i n e  and th e  ELECTRIC s y s te m .  
G r a p h ic a l  o u t p u t  was th e n  p r o c e s s e d  by t h e  A t l a s  Computing L a b o r a t o r i e s  
FR80 m i c r o f i l m  r e c o r d e r .
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2 .2  The I n t e r a t o m i c  P o t e n t i a l s
The u n d e r l y i n g  p r i n c i p l e  o f  a l l  com puter  s i m u l a t i o n  c a l c u l a t i o n s  
i s  t h a t  ch an g es  i n  t h e  l a t t i c e  e n e rg y  c a n  be  w r i t t e n  as  a  f u n c t i o n  of 
th e  p o s i t i o n s  o f  a l l  th e  a tom s c o m p r i s in g  th e  m o d e l .  The l a t t i c e  e n e rg y  
i s  u s u a l l y  e v a l u a t e d  by  a ssu m in g  t h a t  t h e  atoms i n t e r a c t  w i t h  one a n o th e r  
th ro u g h  p a i r w i s e ,  c e n t r a l  f o r c e s .  These f o r c e s ,  o r  e q u i v a l e n t l y  t h e i r  
p o t e n t i a l  e n e rg y  f u n c t i o n s ,  have  b e e n  th e  s u b j e c t  o f  much d i s c u s s i o n ,  and 
s e v e r a l  a u t h o r i t a t i v e  r e v ie w s  a r e  now a v a i l a b l e  ( T o r r e n s ,  1972; J o h n s o n ,
1973) w h ich  summ arize th e  a p p l i c a b i l i t y  and l i m i t a t i o n s  o f  many o f  t h e s e  
a v a i l a b l e  i n  t h e  l i t e r a t u r e .  I n  g e n e r a l  t e r m s , th e  p o t e n t i a l s  c a n  be  
c l a s s i f i e d ,  a c c o r d in g  t o  t h e i r  f o r m u l a t i o n ,  a s  one o f  t h r e e  t y p e s ,  e m p i r i c a l ,  
s e m ie m p i r i c a l  o r  p s e u d o - p o t e n t i a l s .  Only th e  f i r s t  o f  t h e s e  ty p e s  h a s  b e e n  
c o n s id e r e d  h e r e .
I n  o r d e r  to  c o n s t r u c t  an  e m p i r i c a l  p o t e n t i a l ,  t h e  f i r s t  s t e p  i s  t o  
p o s t u l a t e  th e  a n a l y t i c a l  fo rm  i t  w i l l  t a k e .  F o r  e a s e  o f  m a n i p u l a t i o n ,  t h i s  
i s  o f t e n  ch o sen  to  be  a  s e r i e s  o f  s im p le  p o ly n o m ia l  e x p r e s s i o n s ,  l i n k e d  
t o g e t h e r  i n  su ch  a  way t h a t  th e  f i r s t  and second  d e r i v a t i v e s  o f  t h e  r e s u l t i n g  
p o t e n t i a l  a r e  c o n t in u o u s  o v e r  i t s  w hole  r a n g e .  S in c e  e a c h  o f  t h e  com ponent 
p o ly n o m ia ls  c o n ta i n s  a  number o f  a d j u s t a b l e  p a r a m e t e r s ,  t h e s e  a r e  t h e n  f i t t e d  
t o  known p h y s i c a l  p r o p e r t i e s  o f  t h e  m e ta l  b e in g  m o d e l l e d .  Commonly, th ough  
n o t  a lw a y s ,  b o th  p e r f e c t  l a t t i c e  p r o p e r t i e s ,  and d e f e c t  p r o p e r t i e s  a r e  u se d  
i n  t h e  . f i t t i n g  p r o c e d u r e ,  t o g e t h e r  w i t h  th e  r e l e v a n t  c r i t e r i a  t o  e n s u r e  l a t t i c e  
s t a b i l i t y  (Born and Huang, 1954) . One o f  th e  m o st  i m p o r t a n t  r e q u i r e m e n t s  f o r  a  
s t a b l e  b . c . c .  l a t t i c e  i s  t h a t  th e  p o t e n t i a l  s h o u ld  e x te n d  a t  l e a s t  a s  f a r  a s  
th e  se co n d  n e a r e s t  n e ig h b o u r  d i s t a n c e ;  a  n e a r e s t  n e ig h b o u r  i n t e r a c t i o n  a lo n e  
( e . g .  h a r d  s p h e r e  m odel) i s  i n s u f f i c i e n t .  H av ing  th u s  c o n s t r u c t e d  a  p o t e n t i a l   ^
t o  r e p r o d u c e  c e r t a i n  p r o p e r t i e s  o f  a  m e t a l ,  t h e  a s s u m p t io n  i s  t h e n  made t h a t
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i t  can  y i e l d  r e s u l t s  on p r o p e r t i e s  to  w h ich  i t  i s  n o t  m a tc h e d .
I f  th e  e l a s t i c  c o n s t a n t s  p r e d i c t e d  by  an  e m p i r i c a l  p o t e n t i a l  do n o t  
f u l f i l  th e  a p p r o p r i a t e  Cauchy r e l a t i o n s ,  i . e .
c . . = c , . ( 2 . 1 )12 bk
f o r  c u b ic  m e t a l s ,  th e n  a  f u r t h e r  te rm  h a s  to  be  added  to  t h e  p a i r w i s e  i n t e r ­
a c t i o n  (B u l lo u g h  and H a rd y ,  1 9 6 8 ) .  T h is  i s  a  volum e d e p e n d e n t  te rm  w h ich
i s  s a i d  t o  a c c o u n t  f o r  th e  c o h e s iv e  e f f e c t  o f  t h e  f r e e  e l e c t r o n  gas  i n  t h e
Pm e t a l .  T hus ,  th e  t o t a l  e n e rg y  E o f  a  p e r f e c t  c r y s t a l  ( a t  OK) i s  g iv e n  by
w here  <f> i s  t h e  p a i r  p o t e n t i a l ,  s^  a r e  th e  p e r f e c t  l a t t i c e  s i t e s ,  and  V i s  t h e  
volume o f  t h e  c r y s t a l .  The c o n s t a n t  p ,  w h ich  h a s  u n i t s  o f  p r e s s u r e ,  c a n  be  
w r i t t e n  ( H e a la ,  1976) a s  r
A s p e c i a l  c l a s s  o f  p o t e n t i a l s  a r i s e s  when p ,  t h e  Cauchy p r e s s u r e ,  i s  z e r o ,  
and t h e s e  a r e  c a l l e d  e q u i l i b r i u m  p o t e n t i a l s .  F o r  su ch  p o t e n t i a l s ,  t h e r e  
i s  no  e x p l i c i t  volume dependence  i n  E q u a t io n  ( 2 . 2 ) ,  so  t h a t ,  f o r  exam ple  i f  a  
v a c an c y  i s  i n t r o d u c e d  i n t o  an  o t h e r w i s e  p e r f e c t  c r y s t a l ,  t h e  a s s o c i a t e d
th e  change  i n  th e  p a i r w i s e  i n t e r a c t i o n s  h a s  to  b e  c o n s i d e r e d .  I n  t h e  a l t e r n a ­
t i v e  n o n - e q u i l i b r i u m  p o t e n t i a l s ,  f o r  w hich  p i s  n o n - z e r o ,  c a r e  h a s  b e e n  t a k e n  
to  e n s u r e  t h a t  e f f e c t s  due to  volume changes  a r e  i n c l u d e d  i n  t h e  e n e rg y  
c a l c u l a t i o n s .  .
EP = y  I  <Ks -  s ’ ) + pV 
s ^ s 1
( 2 . 2)
( 2 .3 )
volum e change  does  n o t  c o n t r i b u t e  to  t h e  t o t a l  e n e rg y  o f  t h e  s y s te m ,  and  o n ly
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A t o t a l  o f  f i v e  d i f f e r e n t  p o t e n t i a l s  w ere  u s e d  i n  t h e  p r e s e n t  s tu d y .
They w ere  d e v e lo p e d  by Jo h n so n  ( 1 9 6 4 ) ,  V i t e k  e t  a l .  ( 1 9 7 0 ) ,  Kenny and H e a ld
(1974) and S t a b e l l  and  Townsend ( 1 9 7 4 ) ,  s p e c i f i c a l l y  f o r  r e a l  s p a c e  d e f e c t
s i m u l a t i o n s  i n  b . c . c .  m e t a l s .  The Jo h n so n  J^  and V i t e k  J  and J  p o t e n t i a l s
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r e p r e s e n t  t h e  a to m ic  i n t e r a c t i o n  f o r  a - i r o n ,  t h e  K enny-H eald  KH, t h a t  f o r  
m olybdenum, and th e  S ta b e l1 -T o w n se n d  ST, th e  c o r r e s p o n d in g  i n t e r a c t i o n  f o r  
t u n g s t e n .  These a r e  i l l u s t r a t e d  i n  F i g .  ( 2 . 1 ) .  As s e e n  i n  t h i s  f i g u r e ,  a l l  
a r e  s h o r t - r a n g e d ,  b e in g  s e t  to  z e ro  a p p r o x im a te ly  midway b e tw e e n  se co n d  and 
t h i r d  n e a r e s t  n e ig h b o u r  d i s t a n c e s ,  so  t h a t  t h e  amount o f  c o m p u ta t io n  
n e c e s s a r y  f o r  a  l a r g e  m odel can  be k e p t  w i t h i n  r e a s o n a b l e  b o u n d s .  The J Q 
p o t e n t i a l  was t h e  f i r s t  o f  t h e s e  to  be  d e r i v e d ,  and  w i t h  one e x c e p t i o n ,  t h e
KH p o t e n t i a l ,  t h e  o t h e r s  w ere  c o n s t r u c t e d  a lo n g  v e r y  s i m i l a r  l i n e s  i . e .  by
a  p u r e  c u r v e - f i t t i n g  o f  c u b ic  p o ly n o m ia ls  to  e l a s t i c  c o n s t a n t  d a t a .  I n  
a d d i t i o n  to  th e  e l a s t i c  c o n s t a n t s ,  KH was a l s o  m atched  t o  an  e x p e r i m e n t a l  
v a l u e  o f  t h e  v a c a n c y  f o r m a t i o n  e n e rg y  f o r  molybdenum. A summary o f  t h e
e l a s t i c  c o n s t a n t s  to  w hich  t h e  p o t e n t i a l s  w ere  f i t t e d  i s  g iv e n  i n  T a b le  ( 2 . 1 ) .
The m o s t  i m p o r t a n t  p o i n t  to  n o t e  from  t h i s  t a b l e  i s  t h a t  t h e  d a t a  f o r  J ^ , J j  
and J ^  a r e  i d e n t i c a l ,  d e s p i t e  th e  f a c t  t h a t  th e  p o t e n t i a l s  a r e  q u i t e  d i s t i n c t  
( s e e  F i g .  ( 2 . 1 . a ) ) ,  and m o re o v e r ,  t h a t  t h e s e  d a t a  s a t i s f y  t h e  Cauchy r e l a t i o n  
( e q u a t i o n  ( 2 . 1 ) ) .  Thus J Q, J j  and  J 2  a r e  e q u i l i b r i u m  ty p e  p o t e n t i a l s ,  w h e re a s  
KH and  ST a r e  n o n - e q u i l i b r i u m .  ' >
T hese  p o t e n t i a l s  w ere  ch o sen  i n  p a r t i c u l a r  b e c a u s e  th e y  a x e  a l l  w e l l -  
e s t a b l i s h e d ,  and c o n s id e r e d  t o  be  r e l i a b l e .  T hus ,  th e y  h a v e  b e e n  u s e d  
s u c c e s s f u l l y  i n  t h e  p a s t  to  examine th e  p r o p e r t i e s  o f  a  w ide  r a n g e  o f  d e f e c t s  
( s e e  e . g .  B e e l e r  and  J o h n s o n ,  1967; B u i lo u g h  and  P e r r i n ,  1968a ;  D u e sb e ry  e t  a l .  
1973; B r i s to w e  and C r o c k e r ,  1 9 7 5 ) .  I n  a d d i t i o n ,  a  s e r i e s  o f  p o t e n t i a l s  was 
u s e d  i n  p r e f e r e n c e  to  a  s i n g l e  p o t e n t i a l ,  i n  o r d e r  to  e l i m i n a t e  s y s t e m a t i c
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e r r o r s ,  and a l l o w  t r e n d s  common to  b . c . c .  m e t a l s  a s  a  w hole  to  be  e s t a ­
b l i s h e d .
A lth o u g h  many e a r l y  c a l c u l a t i o n s  f o r  b . c . c .  m e t a l s  w ere  c a r r i e d  o u t  
u s in g  s e m i e m p i r i c a l  p o t e n t i a l s ,  such  as  th e  Morse p o t e n t i a l  ( e . g .  G i r i f a l c o  
and W e iz e r ,  1960; E r g in s o y  e t  a l .  , 1964; Grimes and R i c e ,  1 9 6 8 ) ,  i t  i s  f e l t  
t h a t  a t  t h e i r  p r e s e n t  s t a g e  o f  d e v e lo p m e n t ,  e m p i r i c a l  p o t e n t i a l s ,  su c h  a s  
th o s e  u s e d  h e r e ,  p r o v id e  a b e t t e r  d e s c r i p t i o n  o f  t h e  d e f e c t  s t a t e .  C e r t a i n l y  
e m p i r i c a l  p o t e n t i a l s  h a v e  more a d j u s t a b l e  p a r a m e te r s  w h ich  c a n  be  m atched  
to  e x p e r i m e n t a l  d a t a ,  and  f u r t h e r m o r e ,  s i n c e  t h e r e  a r e  no r e s t r i c t i o n s  on 
th e  a n a l y t i c  fo rm  t h e s e  p o t e n t i a l s  m u s t  t a k e -, p ro b lem s  o f  l a t t i c e  s t a b i l i t y  
a r e  e a s i l y  overcom e. The r e m a in in g  c l a s s  o f  p o t e n t i a l s ,  p s e u d o - p o t e n t i a l s  
( H a r r i s o n ,  1966; H e ine  and W e a i re ,  1970) h av e  found  o n ly  a  l i m i t e d  number o f  
a p p l i c a t i o n s  i n  b . c . c .  m e t a l s .  The p r im a ry  r e a s o n  f o r  t h i s  i s  t h a t  s i n c e  
t h e s e  p o t e n t i a l s  a r e  d e r i v e d  f rom  e l e c t r o n i c  c o n s i d e r a t i o n s ,  o n ly  t h e  a l k a l i  
m e ta l s  can  be  t r e a t e d  a d e q u a t e l y .  The o t h e r  b . c . c .  m e t a l s ,  w h ich  a r e  a l l  
t r a n s i t i o n  m e t a l s ,  a r e  o f  m o s t  u r g e n t  c o n c e r n  w i t h  r e g a r d s  to  d e f e c t  p r o p e r -  
' t i e s ,  how ever th e y  a r e  n o t  p a r t i c u l a r l y  Tf r e e  e l e c t r o n - l i k e 1 , and  t h e r e f o r e  
n o t  am enab le  to  p s e u d o - p o t e n t i a l  c a l c u l a t i o n s .
2 .3  P rogram  D e s c r i p t i o n
2 . 3 . 1  The DEVIL P ack ag e  -
The m odel c r y s t a l l i t e  c r e a t e d  by th e  DEVIL p a c k ag e  may h a v e  any  one  o f  
a  w ide  c h o ic e  o f  c r y s t a l  s t r u c t u r e s ,  and i s  g e n e r a t e d  i n  t h e  fo rm  o f  a  
r e c t a n g u l a r  b l o c k  o f  a to m s .  I n  t h e  u s u a l  way, a  g iv e n  s t r u c t u r e  i s  s p e c i f i e d  
by t h r e e  p r i m i t i v e  t r a n s l a t i o n  v e c t o r s  and  a  b a s i s .  T h is  i n f o r m a t i o n  i s  
s u p p l i e d  to  t h e  p ro g ram  i n  th e  f i r s t  i n s t a n c e ,  a lo n g  w i t h  p a r a m e t e r s  d e f i n i n g  
t h e  s i z e ,  s h a p e  and o r i e n t a t i o n  o f  th e  c r y s t a l l i t e  w h ich  i s  r e q u i r e d .  A
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p e r f e c t  l a t t i c e  m odel i s  th e n  s e t  u p ,  and th e  c r y s t a l l i t e  d i v id e d  i n t o  
two r e g i o n s ;  an  i n n e r  r e g i o n ,  o r  c o m p u ta t io n a l  c e l l ,  i n  w h ich  th e  atom s 
a r e  f r e e  to  move d u r in g  a s i m u l a t i o n ,  and an o u t e r  r e g i o n ,  o r  m a n t l e ,  
w h ich  i s  u sed  to  e n f o r c e  th e  a p p r o p r i a t e  b ounda ry  c o n d i t i o n s .  Thus t h e  
atoms whose b e h a v io u r  i s  to  be s t u d i e d  a r e  c o n ta i n e d  i n  t h e  c o m p u ta t io n a l  
c e l l ,  and  th o s e  i n  th e  o u t e r  m a n t le  a r e  u s e d  to  s i m u l a t e  th e  e f f e c t  o f  an  
i n f i n i t e  c r y s t a l .  The number o f  atom s i n  t h e  m a n t le  i s  d e te r m in e d  by  th e  
c o n d i t i o n  t h a t  e v e ry  f r e e  atom  s h o u ld  have  a  co m p le te  s e t  o f  n e ig h b o u r s  w i t h  
w hich  to  i n t e r a c t ,  and  t h i s  i n  t u r n  i s  s e t  by  th e  r a n g e  o f  th e  i n t e r a t o m i c  
p o t e n t i a l .  The b o u n d a ry  c o n d i t i o n s  a p p l i e d  t o  t h e  atom s i n  t h i s  r e g i o n  a r e  
d i s c u s s e d  i n  d e t a i l  i n  § 2 . 3 . 2 .
S in c e  i t  i s  e s s e n t i a l  to  keep  t r a c k  o f  i n d i v i d u a l  a tom s and t h e i r  
n e ig h b o u r s  d u r in g  a s i m u l a t i o n ,  t h e  n e x t  s t a g e  i n  t h e  p ro g ra m , h a v in g  
g e n e r a t e d  th e  c r y s t a l l i t e ,  i s  to  p r o v id e  e a ch  a tom  w i t h  an  i n d e x .  Two 
d i f f e r e n t  schemes a r e  u se d  f o r  t h i s  by DEVIL, a  s e q u e n t i a l  i n d e x i n g  scheme 
and a  l a t t i c e - b a s e d  in d e x in g  schem e. The s e q u e n t i a l  scheme i s  th e  m ore 
- o b v io u s ,  a s  i t  i s  s im p ly  a  n u m ber ing  o f  t h e  atom s i n  t h e  o r d e r  i n  w h ic h  t h e i r  
c o - o r d i n a t e s  a r e  s t o r e d  i n  t h e  c o m p u te r .  I n  f a c t ,  t h i s  scheme i s  o n ly  o f  
l i m i t e d  u s e  i n  th e  p ro g ra m , and i t  i s  s u p p le m e n te d  by th e  more p o w e r fu l  
l a t t i c e - b a s e d  schem e. On th e  l a t t i c e - b a s e d  schem e, t h e  in d e x in g  i s  p e r fo rm e d  
i n  su c h  a way t h a t  th e  change  i n  in d e x  from  one a tom  to  a n o t h e r  d ep en d s  o n ly  
on t h e i r  r e l a t i v e  s e p a r a t i o n .  T hus ,  th e  i n d i c e s  o f  th e  n e ig h b o u r s  o f  a n  a tom  
can  be  found  by a d d in g  o r  s u b t r a c t i n g  f i x e d  num bers from  t h e  i n d e x  o f  t h a t  
a tom . W hereas w i t h  th e  s e q u e n t i a l  i n d e x in g  schem e, a  s e p a r a t e  n e ig h b o u r  l i s t  
would  b e  r e q u i r e d  f o r  e v e ry  a to m , o n ly  a  s i n g l e  l i s t  p e r  s u b l a t t i c e  i s  n e c e s s a r y  
when t h e  l a t t i c e - b a s e d  in d e x i n g  scheme i s  u s e d .  I n  t h i s  way, th e  c o m p u te r  
s t o r a g e  r e q u i r e m e n ts  o f  th e  p ro g ram  a r e  g r e a t l y  r e d u c e d .
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The i n t r o d u c t i o n  o f  a  d e f e c t  i n t o  th e  p e r f e c t  l a t t i c e  can  c a u se  
th e  n e ig h b o u r  l i s t s  o f  c e r t a i n  atoms to  be u p s e t .  Thus f o r  e x a m p le ,  when 
a  s i n g l e  v a c an c y  i s  c r e a t e d ,  th e  n e ig h b o u r  l i s t s  f o r  atom s i n  th e  im m ed ia te
v i c i n i t y  have  to  be  m o d i f i e d ,  and th e  t o t a l  number o f  su c h  l i s t s  d e c r e a s e d
by o n e .  S i m i l a r l y ,  m o d i f i c a t i o n s  a r e  n e c e s s a r y  when atom s a r e  moved l a r g e
d i s t a n c e s  away from  t h e i r  p e r f e c t  l a t t i c e  p o s i t i o n s .  W ith  t h e  DEVIL
p a c k a g e ,  a  s u b r o u t i n e  i s  i n c l u d e d  to  make t h e s e  a d j u s t m e n t s ,  and t h i s  i s
c a l l e d  im m e d ia te ly  a f t e r  any  d e f e c t s  have  b e e n  added  t o  t h e  c r y s t a l l i t e .
F o l lo w in g  t h i s ,  th e  e n e rg y  o f  th e  c o m p u ta t io n a l  c e l l  i s  c a l c u l a t e d ,  and 
an e s t i m a t e  o f  t h e  u n r e l a x e d  d e f e c t  e n e rg y  o b t a i n e d .
G iven  t h i s  f i r s t  a p p ro x im a t io n  to  t h e  d e f e c t  c o n f i g u r a t i o n  and e n e r g y ,  
t h e  f i n a l  p a r t  o f  DEVIL i s  c o n c e rn e d  w i t h  o b t a i n i n g  th e  e q u i l i b r i u m  c o n f i g u ­
r a t i o n ,  and th e  c o r r e s p o n d in g  r e l a x e d  d e f e c t  e n e rg y .  T h is  i t  does  by  m in im i­
z in g  th e  e n e rg y  o f  th e  c o m p u ta t io n a l  c e l l  w i t h  r e s p e c t  to  t h e  a to m ic  p o s i t i o n s , 
u s in g  a  v e r y  r a p i d  m ethod known as  t h e  m ethod o f  c o n ju g a t e  g r a d i e n t s .  S in c e  
th e  r e l a x a t i o n  p r o c e d u r e  i s  a  v e r y  i m p o r t a n t  p a r t  o f  th e  p a c k a g e ,  t h i s  w i l l  
>be d e s c r i b e d  i n  a  s e p a r a t e  s e c t i o n  ( § 2 . 3 . 3 ) .
2 . 3 . 2  The B oundary C o n d i t io n s
The atom s c o m p r i s in g  th e  o u t e r  m a n t le  o f  t h e  model c r y s t a l l i t e  c a n  b e  
t r e a t e d  i n  two d i s t i n c t  ways u s in g  th e  DEVIL p a c k a g e .  They c an  e i t h e r  be  
a s s i g n e d  f i x e d  p o s i t i o n s ,  and n o t  a l lo w e d  to  move d u r in g  t h e  s i m u l a t i o n ,  o r
b e  g iv e n  th e  f re e d o m  t o  move i n  a  c o u p le d  way w i t h  t h e  a tom s o f  t h e  com puta­
t i o n a l  c e l l  i . e .  f i x e d  o r  p e r i o d i c  b o u n d a ry  c o n d i t i o n s  can  be  u s e d .  When 
f i x e d  b o u n d a ry  c o n d i t i o n s  a r e  u s e d ,  th e  atom s may be  s e t  i n  t h e i r  p e r f e c t  
l a t t i c e  p o s i t i o n s ,  o r  be  d i s p l a c e d  from  t h e s e  p o s i t i o n s  i n  a c c o r d a n c e  w i t h  
some lo n g - r a n g e  s t r a i n  f i e l d  w h ich  i s  to  b e  s i m u l a t e d .  F o r  e x a m p le ,  i f  t h e
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e f f e c t  o f  s t r e s s  on a d e f e c t  i s  b e in g  i n v e s t i g a t e d ,  th e  a tom s o f  t h e  
b o u n d a ry  r e g i o n  can  be u s e d  to  p r o v id e  th e  s t r e s s ,  by f i x i n g  them i n  
t h e i r  c o r r e s p o n d in g  s t r a i n e d  p o s i t i o n s .  P e r i o d i c  b o u n d a ry  c o n d i t i o n s ,  on 
th e  o t h e r  h a n d ,  a l lo w  t h e  a tom s o f  th e  m a n t le  to  move d u r in g  t h e  s im u l a ­
t i o n ,  a s  i f  th e y  w ere  r i g i d l y - c o n n e c t e d  to  p a r e n t  atoms i n  t h e  c o m p u t a t i o n a l  
c e l l .  T hus , t h e  n e t  e f f e c t  o f  h a v in g  p e r i o d i c  b o u n d a r i e s  i s  to  make th e  
c o m p u ta t io n  c e l l  j u s t  one o f  an  i n f i n i t e  a r r a y  o f  such  c e l l s .
The two ty p e s  o f  b o u n d a ry  c o n d i t i o n s  can  be  a p p l i e d  s e p a r a t e l y  t o  any
s
o f  t h e  t h r e e  m u t u a l l y - p e r p e n d i c u l a r  d i r e c t i o n s  w hich  d e f i n e  th e  o r i e n t a t i o n  
o f  th e  m odel c r y s t a l l i t e .  Hence th e  u s e  o f  p e r i o d i c  b o u n d a ry  c o n d i t i o n s  
becomes c l e a r ;  e x te n d e d  d e f e c t s  such' a s  d i s l o c a t i o n s  and  s im p le  p l a n a r  
b o u n d a r i e s ,  w h ich  in v o lv e  a  r e p e t i t i o n  o f  s t r u c t u r e  i n  one o r  two d i r e c t i o n s ,  
can  be  s im u l a t e d  t o  be  o f  i n f i n i t e  e x t e n t .  F o r  t h i s ,  t h e  o n ly  r e q u i r e m e n t  
i s  t h a t  t h e  m odel h a s  t o  have  a s i z e  c o m p a t ib le  w i t h  t h e  r e p e a t  u n i t  f o r  t h e  
p a r t i c u l a r  d e f e c t .  How ever, p a r t i c u l a r  c a r e  m u s t  b e  t a k e n  i n  c h o o s in g  t h e  
model s i z e  when b o th  p o i n t  and e x te n d e d  d e f e c t s  a r e  b e in g  s t u d i e d  i n  t h e  same 
p s i m u l a t i o n .  S in c e  th e  p e r i o d i c  b o u n d a ry  c o n d i t i o n s  r e p r o d u c e  th e  e x a c t  a to m ic
a r r a n g e m e n t  i n  a d j a c e n t  c e l l s  o f  th e  s u p e r l a t t i c e , a s  w e l l  a s  an  i n f i n i t e l y -  
l a r g e  e x te n d e d  d e f e c t ,  t h e r e  w i l l  a l s o  be  an  i n f i n i t e  a r r a y  o f  p o i n t  d e f e c t s .
A number o f  a u t h o r s ,  n o t a b l y  G ibson  e t  a l . ( 1 9 6 0 ) ,  B u l lo u g h  and  P e r r i n  
( 1 9 6 8 a ) ,  and Kenny and H e a ld  ( 1 9 7 4 ) ,  h a v e  u se d  a n o th e r  ty p e  o f  b o u n d a ry  
c o n d i t i o n ,  s p e c i f i c a l l y  i n  c o n n e c t io n  w i t h  p o i n t  d e f e c t  s i m u l a t i o n s .  W ith  
t h e i r  m e thod , t h e  atoms o f  th e  b o u n d a ry  r e g i o n  a r e  g iv e n  d i s p l a c e m e n t s  p r o p o r ­
t i o n a l  to  th e  f o r c e s  a c t i n g  on them due t o  t h e  f r e e  a to m s .  H ow ever, a s  s e v e r a l  
a p p ro x im a t io n s  a r e  made i n  c a l c u l a t i n g  t h e s e  d i s p l a c e m e n t s ,  e . g .  u s e  o f  i s o ­
t r o p i c  e l a s t i c i t y ,  t h e  me'thod o f f e r s  no  a d v a n ta g e s  o v e r  t h e  more c o n v e n t i o n a l  
t e c h n iq u e  o f  h a v in g  b o u n d a ry  atoms f i x e d  i n  t h e i r  p e r f e c t  l a t t i c e  p o s i t i o n s  i n  
a  l a r g e  model- ( Jo h n so n  and Brown, 1962; D oneghan, 1976) .
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2 . 3 . 3  The E nergy  M in im iz a t io n  P r o c e d u r e
The e n e rg y  m in i m i z a t i o n  p r o c e d u r e  i n c o r p o r a t e d  i n t o  DEVIL i s  a  m o d i f i e d  
m ethod o f  s t e e p e s t  d e s c e n t s ,  known as  th e  m ethod o f  c o n ju g a t e  g r a d i e n t s .  T h is  
was o r i g i n a l l y  f o r m u la t e d  by H e s te n e s  and S t i e f e l  (1 9 5 4 ) ,  d e v e lo p e d  f u r t h e r  
by  F l e t c h e r  and Reeves ( 1 9 6 4 ) ,  and b r o u g h t  to  th e  form  u s e d  i n  DEVIL by 
F l e t c h e r  ( 1 9 7 2 ) .  As em p h as ized  e ls e w h e r e  ( N o r g e t t  e t  a l . ,  1972 ; W e in s , 1972; 
P e r r in *  1 9 7 4 ) ,  th e  m ethod i s  p a r t i c u l a r l y  s u i t a b l e  f o r  com pu te r  s i m u l a t i o n
s t u d i e s  when l a r g e  num bers o f  atom s m ust  be  d e a l t  w i th  s i m u l t a n e o u s l y .  I t
j . . .  ' .p r o v id e s  f a s t  c o n v e rg e n c e  c o u p le d  w i th  minimum com puter  s t o r a g e  r e q u i r e m e n t s .
The b a s i c  p ro b le m  i s  t o  f i n d  th e  minimum o f  th e  p o t e n t i a l  e n e rg y  E o f  
t h e  c r y s t a l l i t e  w hich  i s  a  f u n c t i o n  o f  th e  v e c t o r  p o s i t i o n s  o f N a to m s  i . e .  
x i , x ^ ,  • • • •  . In  th e  c o n ju g a t e  g r a d i e n t s  m e th o d ,  t h i s  i s  a c h ie v e d  u s i n g
c a l c u l a t e d  v a lu e s  o f  th e  g r a d i e n t  v e c t o r  g , w hich  h a s  e le m e n t s  g^ = 8 E /3 x ^ ,  
f o r  e a c h  a tom .
C a l l i n g  th e  a p p ro x im a t io n  t o  th e  a to m ic  c o n f i g u r a t i o n  a t  t h e  k t h  
i t e r a t i o n ,  i s  g iv e n  by
r
hi+1  = £ k  + 9 ( 2 *4)
w here  i s  th e  s e a r c h  d i r e c t i o n ,  and i s  u s e d  to  d e f i n e  th e  s t e p  l e n g t h  
i n  t h i s  d i r e c t i o n .  The p ro b le m  t h e r e f o r e ,  i s  to  f i n d  a s u i t a b l e  and  a ^ .
I t  i s  p a r t i c u l a r l y  d e s i r a b l e  f o r  a  m in i m i z a t i o n  p r o c e d u r e  to  h a v e  t h e  
p r o p e r t y  o f  q u a d r a t i c  t e r m i n a t i o n  i . e .  t h e  a b i l i t y  t o  f i n d  th e  e x a c t  minimum 
f o r  q u a d r a t i c  f u n c t i o n s ,  s i n c e  such  p r o c e d u r e s  a r e  known to  be  v e r y  e f f i c i e n t  
f o r  more g e n e r a l  f u n c t i o n s .  The c o n ju g a t e  g r a d i e n t s  m ethod a c h ie v e s  t h i s  by  
c h o o s in g  a s e a r c h  d i r e c t i o n  w hich  i s  m u tu a l l y  c o n ju g a t e  w i th  r e s p e c t  t o  t h e
-  29 -
m a t r i x  £  o f  seco n d  d e r i v a t i v e s  o f  E (G^j = 32 E / 3 x ^ 3 x j ) . M a t h e m a t i c a l l y ,  
t h i s  r e q u i r e m e n t  i s  e x p r e s s e d  as
S . T G S. = 0 f o r  i  f  j  . ( 2 .5 )- i  =  —j  .
T h is  c o n d i t i o n ,  known a s  th e  c o n ju g a c y  c o n d i t i o n ,  can  be  im posed w i t h o u t  t h e  
n eed  t o  e v a l u a t e  G, by t a k i n g  s u c c e s s i v e  s e a r c h  d i r e c t i o n s  to  be  l i n e a r  
c o m b in a t io n s  o f  th e  g r a d i e n t  g .^ and th e  p r e v i o u s  s e a r c h  d i r e c t i o n s  
F l e t c h e r  and Reeves (1964) showed a  s u i t a b l e  c o m b in a t io n  to  be
*
- 0  “ 0
(2 . 6)
-^k
S.. = -  g, + ^  ■ S. .—k  • —k  T - k - 1
% - l^ k - l
w here th e  i n i t i a l  s e a r c h  d i r e c t i o n  i s  th e  d i r e c t i o n  o f  s t e e p e s t  d e s c e n t .
H aving  th u s  o b t a i n e d  a means o f  c a l c u l a t i n g  th e  s e a r c h  d i r e c t i o n ,  t h e  
second  p a r t  o f  th e  p ro b le m  i s  to  f i n d  th e  s t e p  l e n g t h  w h ich  m in im iz e s  th e
e n e rg y  f u n c t i o n  i n  t h a t  d i r e c t i o n .  S in c e  i n  g e n e r a l ,  an e x a c t  s o l u t i o n  f o r  
c a n n o t  be  f o u n d ,  an a p p ro x im a te  s o l u t i o n  h a s  to  .be a c c e p t e d .  I n  t h i s  c a s e ,  
a  c o n v e n ie n t  t e s t  w hich  can  be  a p p l i e d  to  o b t a i n  s a t i s f a c t o r y  v a l u e s  o f  i s  
th e n
|&T(4  + < P < 1 ( 2 .7 )
i . e .  i s  c h o sen  so  t h a t  th e  g r a d i e n t  i n  th e  s e a r c h  d i r e c t i o n  i s  r e d u c e d  by
Ta p r e s c r i b e d  amount d e te rm in e d  by p .  When i s  such  t h a t  6 ^ + ^ ^  = 0 ,  t h e  
r e l a t i o n s h i p  ( 2 .7 )  c l e a r l y  h o l d s ,  and t h i s  c o r r e s p o n d s  t o  e x a c t  l o c a t i o n  o f  t h e  
minimum. S in c e  t h i s  s i t u a t i o n  i s  u n l i k e l y ,  th e n  p r o v id e d  ( 2 .7 )  i s  s a t i s f i e d ,  
th e  g e n e r a l  p r o c e d u r e  i s  to  choose  a n o t h e r  s e a r c h  d i r e c t i o n  i n  a c c o r d a n c e  w i t h
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( 2 . 6 ) ,  and c o n t i n u e  t h e  i t e r a t i o n .  I f ,  on t h e  o t h e r  h a n d ,  t h e  c h o ic e  o f  
does  n o t  comply w i t h  ( 2 . 7 ) ,  w hich m ig h t  be b e c a u s e  i s  e i t h e r  to o  
l a r g e  o r  to o  s m a l l ,  s t a n d a r d  i n t e r p o l a t i o n  and e x t r a p o l a t i o n  m ethods a r e  
u se d  t o  m od ify  t h i s  e s t i m a t e ,  and th e  s t e p  i s  r e p e a t e d .
F o r  t h e  p u r p o s e s  o f  th e  p r e s e n t  w ork , t h e  i n i t i a l  v a lu e  o f  t h e  s t e p  
l e n g t h  a Q can  be  c a l c u l a t e d  from  th e  maximum d i s t a n c e  a n  atom  i s  l i k e l y  to  
r e l a x  d u r in g  th e  c o u r s e  o f  a  g iv e n  s i m u l a t i o n .  The p a r a m e te r  p i s  a s s i g n e d
a v a l u e  o f  0 . 1 ,  f o l l o w i n g  th e  s u g g e s t i o n  o f  F l e t c h e r  (1972) .
i
I f  th e  e n e rg y  o f  th e  c r y s t a l l i t e  w ere  a q u a d r a t i c  f u n c t i o n ,  t h e  c o n ju ­
g a t e  g r a d i e n t s  m ethod c o u ld  l o c a t e  i t s  minimum e x a c t l y  i n  a  f i n i t e  num ber o f  
i t e r a t i o n s .  However such  a q u a d r a t i c  e n e rg y  f u n c t i o n  c a n  o n ly  a r i s e  i f  
ha rm o n ic  p o t e n t i a l s  a r e  u s e d  t o  s im u l a t e  t h e  i n t e r a t o m i c  i n t e r a c t i o n s .  S in c e  
th e  p o t e n t i a l s  u s e d  i n  th e  p r e s e n t  s tu d y  w ere  a l l  a n ha rm on ic  ( s e e  §2 . 2 ) ,  i t  
i s  th u s  n o t  p o s s i b l e  to  o b t a i n  e x a c t  m in im a , and so  a  means o f  h a l t i n g  t h e  
m in i m i z a t i o n  p r o c e s s  h a s  b e e n  i n c lu d e d  i n  DEVIL. The m in i m i z a t i o n  i s  s to p p e d  
when th e  a to m ic  p o s i t i o n s  have  a l l  b e e n  computed to  a  p r e s e t  a c c u r a c y .
F a i l i n g  t h i s ,  t h e  p rog ram  i s  t e r m in a t e d  when a  maximum number o f  i t e r a t i v e  
s t e p s  h a s  b e e n  e x c e e d e d .
\
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T ab le  ( 2 .1 )  The e l a s t i c  c o n s t a n t s  to  w hich t h e  f i v e  i n t e r a t o m i c  p o t e n t i a l s
were  m a tc h ed .
P o t e n t i a l
E l a s t i c  c o n s t a n t s
C 1 1
c - 
1 2
V  J l> J 2 0 .1 9 2 0 .0 9 6 0 .0 9 6
KH 0 .4 5 5 0 .1 7 6 0 . 1 1 0
ST 0 .5 2 2 0 . 2 0 1 0 .1 6 1
The u n i t s  a r e  TNm 2 .
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CHAPTER 3
PROPERTIES OF VACANCIES AND DIVACANCIES
3 .1  I n t r o d u c t i o n
j
The m i g r a t i o n  o f  v a c a n c i e s  i s  an  i m p o r t a n t  p r o c e s s  i n  c r y s t a l l i n e  
m a t e r i a l s  p a r t i c u l a r l y  a t  h i g h  t e m p e r a t u r e s ,  w here  b o th  e q u i l i b r i u m  c o n c e n ­
t r a t i o n s  and m o b i l i t i e s  o f  t h e s e  d e f e c t s  a r e  h i g h ,  and a t  low er  te m p e ra -  
t u r e s ,  when e x c e s s  v a c a n c i e s  a r e  i n t r o d u c e d  by  d e f o r m a t io n ,  q u e n c h in g  o r  
i r r a d i a t i o n  ( E y re ,  1 9 7 3 ) .  Thus f lo w  o f  v a c a n c i e s  c o n t r o l s  h i g h  te m p e ra ­
t u r e  c r e e p  and may r e s u l t  i n  th e  f o r m a t io n  o f  c a v i t i e s  o r  v o i d s .  These  
phenomena a r e  s e n s i t i v e  t o  a p p l i e d  s t r e s s ,  w h ich  s u g g e s t s  t h a t  t h e  b a s i c  
p r o p e r t i e s  o f  v a c a n c i e s ,  t h e i r  f o r m a t i o n ,  m i g r a t i o n  and b i n d i n g  e n e r g i e s  
m u st  a l s o  be  m o d i f i e d  by  s t r e s s .  S in c e  C h a p te r s  4 and 5 o f  t h i s  t h e s i s  
w i l l  be  c o n c e rn e d  w i th  th e  p r o p e r t i e s  o f  v a c a n c i e s  i n  r e g i o n s  o f  h i g h  
l o c a l  s t r a i n  n e a r  tw in  b o u n d a r i e s  and d i s l o c a t i o n s ,  t h e  p u r p o s e  o f  t h i s  
c h a p t e r  i s  to  exam ine t h e s e  d e f e c t s  u n d e r  c o n t r o l l e d ,  w e l l - c h a r a c t e r i z e d  
s t r e s s  s i t u a t i o n s .
E x p e r i m e n t a l l y ,  e x tre m e  d i f f i c u l t i e s  a r e  e n c o u n te r e d  when s t u d i e s  o f  
v a c a n c i e s  i n  b . c . c .  m e ta l s  a r e  made. As p o i n t e d  o u t  by N ih o u l  ( 1 9 7 0 ) ,  t h e s e  
d i f f i c u l t i e s  s tem  from  t h e  f a c t  t h a t  sp ec im en s  o f  s u f f i c i e n t l y  h i g h  p u r i t y ,  
and i d e a l  e x p e r i m e n t a l  c o n d i t i o n s  can  n o t  be  a t t a i n e d .  F u r th e r m o r e ,  t h e o r e ­
t i c a l  c o n s i d e r a t i o n s  b a s e d  on e l a s t i c i t y  t h e o r y ,  such  a s  t h e s e  o f  M o tt  and 
N a b a r ro  (1940) and E s h e lb y  ( 1 9 5 6 ) ,  n o t  o n ly  f a i l  t o  y i e l d  t h e  a l l - i m p o r t a n t  
d e t a i l s  o f  a to m ic  s t r u c t u r e ,  b u t  a l s o  a r e  u n a b le  to  s u p p ly  a  v a l u e  f o r  AV^> 
th e  r e l a x a t i o n  volume a ro u n d  a  s i n g l e  v a c a n c y .  S in c e  i t  i s  t h i s  i n f o r m a t i o n  
w hich  i s  o f  p r im a ry  im p o r ta n c e  f o r  many a p p l i c a t i o n s ,  su c h  a s  i n  i r r a d i a t i o n
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s w e l l i n g  (Greenwood e t  a l . ,  1 9 5 9 ) ,  com puter  s i m u l a t i o n  t e c h n i q u e s  have  
p ro v e n  i n v a l u a b l e  t o  s t u d i e s  o f  t h i s  k i n d .
N a t u r a l l y  enough , a  g r e a t  many of  t h e  a p p l i c a t i o n s  o f  com puter  
s i m u l a t i o n  to  th e  s tu d y  o f  v a c a n c i e s  i n  b . c . c .  m e ta l s  h av e  c o n c e n t r a t e d  
upon o b t a i n i n g  t h e  d e t a i l s  o f  th e  a to m ic  r e l a x a t i o n s  a ro u n d  an i s o l a t e d  
d e f e c t .  Thus th e  e a r l y  w orks o f  G i r i f a l c o  and S t r e e tm a n  ( 1 9 5 8 ) ,  G i r i f a l c o  
and W eize r  (1 9 6 0 ) ,  W y n b la t t  and G j o s t e i n  (1967) and Grimes and R ice  ( 1 9 6 8 ) ,  
w hich u se d  s e m ie m p i r i c a l  p o t e n t i a l s  o f  th e  L e n n a rd - J o n e s  and Morse t y p e s ,  
were a l l  c o n c e rn e d  w i th  su ch  s t r u c t u r a l  a s p e c t s .  More r e c e n t l y ,  Kenny and 
H eald  (1974) e x te n d e d  t h e s e  c a l c u l a t i o n s ,  by  u s in g  a p u r e l y  e m p i r i c a l l y -  
d e r i v e d  p o t e n t i a l  t o  i n v e s t i g a t e  th e  r e l a x e d  a to m ic  s t r u c t u r e  o f  b o t h  s i n g l e  
v a c a n c i e s  and d i v a c a n c i e s  i n  a  m odel o f  molybdenum. S in c e  t h e  s t r u c t u r a l  
c h a r a c t e r i s t i c s  o f  v a c a n c i e s  and d i v a c a n c i e s  a r e  th u s  w e l l - e s t a b l i s h e d ,  t h e  
em p h as is  i n  t h i s  c h a p t e r  w i l l  b e  p l a c e d  on v a c a n c y  e n e r g e t i c s .  I n  p a r t i ­
c u l a r ,  t h e  e f f e c t  o f  a p p l i e d  s t r e s s  on s i n g l e  v a c a n c y  f o r m a t i o n  and d iv a c a n c y  
b i n d i n g  e n e r g i e s ,  and on t h e  m i g r a t i o n  e n e r g i e s  o f  t h e s e  d e f e c t s  i s  d i s c u s s e d  
i n  d e t a i l .
A p r e v i o u s  com puter  s i m u l a t i o n  s tu d y  o f  d i v a c a n c i e s  i n  a  b . c . c .  c r y s t a l  
by  B e e l e r  and Jo h n so n  (1967) h a s  shown t h a t  o n ly  th e  n e a r e s t  n e ig h b o u r  g <111> 
and seco n d  n e a r e s t  n e ig h b o u r  <100> ty p e s  ( F i g .  ( 3 .1 a )  and ( 3 . 1 b ) )  h av e  
a p p r e c i a b l e  b i n d in g  e n e r g i e s .  The <100> d iv a c a n c y  h a s  th e  l o w e s t  e n e r g y ,  and 
i s  t h u s  th e  m o st  s t a b l e  c o n f i g u r a t i o n .  Of th e  d i v a c a n c i e s  w i t h  l a r g e r  s e p a ­
r a t i o n s ,  th e  t h i r d  n e a r e s t  n e ig h b o u r  <110> ( F ig .  ( 3 . 1 c ) )  was fou n d  to  b e  
u n s t a b l e ,  and th e  f o u r t h  n e a r e s t  n e ig h b o u r  \  <311> ( F ig .  ( 3 . I d ) )  t o  h a v e  a 
s m a l l  p o s i t i v e  b i n d in g  e n e rg y .  As d i s c u s s e d  l a t e r  i n  t h i s  c h a p t e r ,  t h e  
r e s u l t s  o f  o t h e r  w o rk e rs  u s i n g  p o t e n t i a l s  r e p r e s e n t i n g  a - i r o n ,  molybdenum and 
t u n g s t e n  a r e  l a r g e l y  i n  a g re e m e n t  w i t h  th e s e  c a l c u l a t i o n s .  Thus i t  a p p e a r s
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a t  f i r s t  t h a t  o n ly  th e  \  < 1 1 1 > and <1 0 0 > d i v a c a n c i e s  a r e  l i k e l y  t o  be 
s i g n i f i c a n t .  However, a l t h o u g h  th e  \  <311> ty p e  i s  n o t  a  v e r y  s t a b l e  
c o n f i g u r a t i o n ,  com pu te r  s i m u l a t i o n  s t u d i e s  s u g g e s t  t h a t  i t  p l a y s  an  ' 
i m p o r t a n t  r o l e  i n  d iv a c a n c y  m i g r a t i o n .
The m i g r a t i o n  o f  s i n g l e  v a c a n c i e s  i n  b . c . c .  m e ta l s  o c c u r s  b y  means 
o f  n e a r e s t  n e ig h b o u r  { <111> a to m ic  jumps ( s e e  F i g .  ( 3 . 2 ) ) ,  and a  number 
o f  s t u d i e s  have  b e e n  c a r r i e d  o u t  t o  d e te r m in e  th e  m i g r a t i o n  e n e r g i e s  i n
u n s t r e s s e d , c r y s t a l s . Jo h n so n  (1964) and J o h n s o n .a n d  W ilso n  (1972) h av e
i  '
exam ined  t h e s e  e n e r g i e s  i n  c r y s t a l s  s im u l a t e d  u s in g  e m p i r i c a l  p o t e n t i a l s ,  
and W y n b la t t  (1968) and Neumann e t  a l .  ( 1 9 7 2 ) ,  th e  c o r r e s p o n d in g  e n e r g i e s  
o b t a in e d  u s in g  a  s e r i e s  o f  Morse p o t e n t i a l s .  F o r  d i v a c a n c i e s ,  t h e  s i t u a ­
t i o n  i s  more com plex . I n  o r d e r  t o  m ig r a t e  u s in g  n e a r e s t  n e ig h b o u r  ju m p s ,  
t h e  e n e r g e t i c a l l y  f a v o u r e d  < 1 0 0 > d iv a c a n c y  m ust  change c h a r a c t e r  a n d ,  as  
shown i n  F i g .  ( 3 . 1 b ) ,  become e i t h e r  a  \  <111> o r  a  |  <311> t y p e .  The 
a c t i v a t i o n  e n e r g i e s  f o r  t h e s e  two m echanism s o b t a i n e d  b y  B e e l e r  and  Jo h n s o n  
(1967) i n d i c a t e  t h a t  th e  <100> -> \  <311> r o u t e  i s  p r e f e r r e d  i n  a - i r o n .  T h is
u n e x p e c te d  r e s u l t  h a s  b e e n  c o n f i rm e d  i n  t h e  p r e s e n t  w o rk ,  and i t  h a s  a l s o  b e e n  
shown t h a t  d iv a c a n c y  m i g r a t i o n  by means o f  < 1 0 0 > o r  l a r g e r  jumps i s  n o t  
f e a s i b l e .  Thus th e  5 <311> d iv a c a n c y  i s  o f  c o m p a rab le  im p o r ta n c e  t o  t h e  
|  < 1 1 1 > and  <1 0 0 > t y p e s .
Two k in d s  o f  s t r e s s  have  b e e n  c o n s id e r e d  f o r  t h e  p r e s e n t  p u r p o s e s ,  
u n i a x i a l  and h y d r o s t a t i c  s t r e s s .  These w ere  a p p l i e d  t o  m odels  c o n t a i n i n g  e i t h e r  
a  s i n g l e  v a c a n c y ,  o r  one o f  th e  t h r e e  i m p o r t a n t  d i v a c a n c i e s ,  i n  o r d e r  t o  a s s e s s  
th e  e f f e c t s  on th e  f o r m a t i o n ,  b in d in g  and m i g r a t i o n  e n e r g i e s .  The a x e s  a lo n g  
w hich  th e  u n i a x i a l  s t r e s s e s  were d i r e c t e d ,  d i f f e r e d  a c c o r d in g  t o  t h e  p a r t i ­
c u l a r  d e f e c t  and d e f e c t  p r o p e r t y  u n d e r  i n v e s t i g a t i o n .  F o r  t h e  { <111> and  
< 1 0 0 > d iv a c a n c y  b i n d i n g  e n e r g i e s ,  t h e  s t r e s s e s  w ere  a p p l i e d  b o t h  p a r a l l e l  and
p e r p e n d i c u l a r  to  th e  a x e s  o f  t h e  d i v a c a n c i e s .  On t h e  o t h e r  h a n d ,  s i n c e  
th e  |  <311> d iv a c a n c y  owes i t s  im p o r ta n c e  p r i m a r i l y  to  m i g r a t i o n ,  th e  
s t r e s s e s  u n d e r  w h ich  i t s  b i n d i n g  e n e rg y  h a s  b e e n  exam ined  a r e  t h e  same 
as  th o s e  f o r  th e  <100> t y p e .  When th e  e f f e c t s  o f  u n i a x i a l  s t r e s s e s  on 
v a c a n c y  and  d iv a c a n c y  m i g r a t i o n  w ere  b e in g  i n v e s t i g a t e d ,  t h e  s t r e s s  axes  
c h o se n  i n  t h e s e  c a s e s  w ere  t h o s e  a l i g n e d  p a r a l l e l  and p e r p e n d i c u l a r  t o  th e  
d i r e c t i o n  o f  m i g r a t i o n .
The r e s u l t s  w hich  a r e  p r e s e n t e d  i n  t h i s  c h a p t e r  have  b e e n  o b t a i n e d
I
u s in g  t h r e e  i n t e r a t o m i c  p o t e n t i a l s ,  t h e  J Q a - i r o n ,  KH molybdenum and ST 
t u n g s t e n  p o t e n t i a l s ,  a l l  o f  w hich  a r e  d e s c r i b e d  i n  C h a p te r  2 .  The J Q 
p o t e n t i a l  was u se d  f o r  th e  m a j o r i t y  o f  t h e  c a l c u l a t i o n s ,  and  t h e  r e s u l t s  
f o r  th e  s i n g l e  v a c a n c y  and d iv a c a n c y  p r o p e r t i e s  a r e  g iv e n  i n  § § 3 .3  and
3 .4  r e s p e c t i v e l y .  T e s t  c a l c u l a t i o n s  u s in g  th e  KH and ST p o t e n t i a l s  g iv e  
b r o a d l y  s i m i l a r  r e s u l t s ,  and t h e s e  a r e  compared w i t h  t h e  J q r e s u l t s  i n  
§ 3 .5 .  ,
3 .2  The S i m u la t io n  P ro c e d u re
As f a r  a s  p o s s i b l e ,  t h e  m odels  u s e d  f o r  th e  v a c a n c y  s i m u l a t i o n s  w ere  
ch o se n  to  be c u b i c ,  and th e y  c o n ta i n e d  a p p r o x im a te ly  5000 a to m s ,  o f  w h ich  
a b o u t  2500 were f r e e  t o  move. I n  a d d i t i o n ,  r i g i d  b o u n d a ry  c o n d i t i o n s  w ere  
imposed on th e  o u t e r  m a n t le s  o f  th e  m odels  i n  a l l  c a s e s  i . e .  t h e  a tom s o f  
th e  b o u n d a ry  r e g i o n s  w ere  n o t  g iv e n  any  d i s p l a c e m e n ts  a s s o c i a t e d  w i t h  t h e  
v a c a n c i e s ,  b u t  w ere  s im p ly  f i x e d  i n  t h e i r  p e r f e c t  l a t t i c e  p o s i t i o n s .  I n  
p r a c t i c e ,  t h i s  i s  t h e  r e a s o n  f o r  th e  l a r g e  model s i z e s  ( s e e  C h a p te r  2 ) ,  
s i n c e  by  m aking a model s u f f i c i e n t l y  l a r g e ,  t h e  d i s p l a c e m e n ts  a t  t h e  
b o u n d a r i e s  due t o  th e  v a c a n c i e s  a r e  n e g l i g i b l y  s m a l l ,  and so  t h e  e r r o r  
i n t r o d u c e d  i n  t h i s  way i s  m in im iz e d .
T hree  d i f f e r e n t  m odels  A, B and C, t h e  o r th o g o n a l  f a c e s  o f  w h ic h  a r e
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s p e c i f i e d  i n  T ab le  ( 3 . 1 ) ,  w ere  u s e d .  These w ere  ch o sen  so t h a t  a l l  o f  
th e  d e s i r e d  s t r e s s e s  c o u ld  be a c h ie v e d  by s t r a i n i n g  th e  m odels  p a r a l l e l  
t o  t h e i r  a x e s .  Thus i n  o r d e r  to  s im u l a t e  a  u n i a x i a l  s t r e s s ,  a  s t r a i n  
e was a p p l i e d  p a r a l l e l  to  t h e  x - a x i s  t o g e t h e r  w i th  c o m p e n s a t in g  a n i s o -
X X
t r o p i c  e l a s t i c  s t r a i n s  e and  e a lo n g  th e  y -  and z - a x e s  r e s p e c t i v e l y .yy z z
The c o m p e n sa t in g  s t r a i n s  a r e  g iv e n  by  e = v e and e = v e ,°  J yy  yx xx zz zx xx
where t h e  two P o i s s o n  r a t i o s  v and v a r e  d e f i n e d  i n  T a b le  ( 3 .1 )  f o ryx zx
t h e  t h r e e  m o d e l s . F o r  m odel A v = v , a s  th e  y -  and z - a x e s  a r eyx  zx * J
c r y s t a l l o g r a p h i c a l l y  e q u i v a l e n t .  The same r e s u l t  a l s o  h o l d s  f o r  m odel C,
w here i t  a r i s e s  b e c a u s e  b o th  a x e s  l i e  i n  t h e  ( 1 1 1 ) p l a n e ,  w h ich  i s
e l a s t i c a l l y  i s o t r o p i c  a s  i t  i s  p e r p e n d i c u l a r  to  a  t h r e e - f o l d  a x i s .  F o r
t h e s e  p a r t i c u l a r  m odels  t h e  s h e a r  s t r a i n s  e , e and e a r e  z e r o .• x y ’ y z  zx
The r a n g e  o f  s t r a i n s  w hich h a s  b e e n  i n v e s t i g a t e d  i n  t h i s  work i s
-  0 .0 3  < e < 0 . 0 3 ,  w hich  c o r r e s p o n d s  to  s t r e s s e s  o o f  ± 5 . 7 6 ,  ± 7 .2 0xx r  xx *
and ± 7 .6 8  GPa i n  A, B and C r e s p e c t i v e l y .  H y d r o s t a t i c  s t r e s s e s  w ere
much s im p l e r  t o  s i m u l a t e .  Model A was u se d  f o r  t h i s ,  and  a  g i v e n  h y d r o ­
s t a t i c  p r e s s u r e  was o b t a i n e d  by d e c r e a s i n g  th e  l a t t i c e  p a r a m e t e r .  I n  
p r a c t i c e ,  p r e s s u r e s  up to  t h e  o r d e r  o f  5 GPa, o b t a i n e d  by  volum e c h a n g e s  
from  z e ro  to  3%, w ere  u s e d .  F o r  b o t h  u n i a x i a l  and h y d r o s t a t i c  s t r e s s e s ,  
th e  c a l c u l a t e d  d i s p l a c e m e n ts  w ere  a p p l i e d  to  th e  f r e e  a tom s o f  t h e  
c o m p u ta t io n a l  c e l l  and a l s o ,  t o  e n s u r e  c o n t i n u i t y ,  t o  th e  a tom s o f  t h e  
m a n t le  b e f o r e  th e y  w ere  f i x e d .
The t e c h n iq u e  u se d  t o  s i m u l a t e  b o th  t h e  s i n g l e  and  d iv a c a n c y  m i g r a ­
t i o n  p r o c e s s e s  was v e r y  s i m i l a r ,  s i n c e  i n  b o th  c a s e s  i t  i s  t h e  movement o f  
j u s t  one atom  w hich  i s  i m p o r t a n t .  T h is  atom  was moved p r o g r e s s i v e l y  f rom  
i t s  p e r f e c t  l a t t i c e  p o s i t i o n  a lo n g  a c h o se n  p a t h  tow ards  t h e  v a c a n t  p o s i t i o n ,  
and i t  was h e ld  f i x e d  a t  s e v e r a l  i n t e r m e d i a t e  p o s i t i o n s .  A t  t h e s e  p o s i t i o n s ,
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th e  m odel was a l lo w e d  to  r e l a x  to  a  minimum e n e rg y  c o n f i g u r a t i o n ,  so  
t h a t  a n  e s t i m a t e  o f  th e  e n e rg y  c o u ld  be m ade. By p l o t t i n g  o u t  th e  
p r o f i l e  o f  t h e s e  e n e r g i e s  a s  t h e  a tom  was moved b e tw e en  l a t t i c e  p o s i t i o n s ,  
a  p o t e n t i a l  b a r r i e r  c o u ld  be  o b t a i n e d ,  and th e  maximum h e i g h t  o f  t h i s  
b a r r i e r  was t a k e n  t o  be  th e  m i g r a t i o n  e n e r g y .  I n  a l l  c a s e s ,  t h e  m i g r a t i o n  
p a th s  w hich  w ere  fo l lo w e d  w ere  th e  s t r a i g h t  l i n e s  j o i n i n g  th e  a d j a c e n t  
l a t t i c e  s i t e s .
3 .3  The S i n g le  Vacancy
i
3 . 3 . 1  S t r u c t u r e  and F o rm a t io n  E nergy
The s t r u c t u r e  o f  a  s i n g l e  v a c a n c y  i s  b e s t  d e s c r i b e d  w i t h  r e f e r e n c e  
to  i t s  a to m ic  d i s p l a c e m e n t  f i e l d ,  and  T a b le s  ( 3 . 2 ) ,  ( 3 .3 )  and ( 3 .4 )  
i l l u s t r a t e  th e  r e s u l t s  w hich  have  b e e n  o b t a i n e d  f o r  v a c a n c i e s  i n  a - i r o n ,  
molybdenum and t u n g s t e n .  The m a jo r  d i s p l a c e m e n ts  a r e  s e e n  to  o c c u r  i n  
th e  n e a r e s t  and second  n e a r e s t  n e ig h b o u r  s h e l l s  o f  th e  v a c a n c i e s ,  w i t h
th e  n e a r e s t  n e ig h b o u r s  r e l a x i n g  in w a rd s  to w a rd s  th e  v a c a n t  s i t e s ,  and
th e  seco n d  n e a r e s t  n e ig h b o u r s  o u tw a rd s ,  away from  t h e s e  s i t e s .  S in c e  
th e  r e s u l t s  f o r  th e  t h r e e  p o t e n t i a l s  a r e  s i m i l a r  i n  t h i s  r e s p e c t ,  t h e
b e h a v io u r  i s  l i k e l y  to  be  t y p i c a l  o f  a l l  m e ta l s  h a v in g  th e  b . c . c .
s t r u c t u r e .
I n  o r d e r  t o  c a l c u l a t e d  a  v a lu e  f o r  th e  f o r m a t i o n  e n e rg y  o f  a  v a c a n c y ,  
t h e  m ethod by  w h ich  th e  d e f e c t  i s  c r e a t e d  i n  th e  com puter  m odel m u s t  f i r s t  
be  c o n s id e r e d  i . e .  th e  q u e s t i o n  i s  r a i s e d  a s  to  w ha t  h ap p en s  t o  t h e  atom  
w hich  i s  removed from  i t s  p e r f e c t  l a t t i c e  s i t e .  S in c e  i n  a  r e a l  c r y s t a l ,  
th e  t o t a l  number o f  atoms i s  c o n s e r v e d ,  th e  norm al t r e a t m e n t  o f  v a c a n c y  
f o r m a t i o n  assum es t h a t  t h i s  d i s p l a c e d  atom  r e s i d e s  on th e  s u r f a c e  o f  t h e  
c r y s t a l .  T hus , a l t h o u g h  on f o r m a t i o n  a l l  th e  bonds  o f  an  a tom  m u st  be
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b r o k e n ,  on a v e r a g e ,  one h a l f  o f  t h e s e  bonds  a r e  r e c o n s t i t u t e d  f o r  th e  
same atom  on th e  c r y s t a l  s u r f a c e .  I n  t h i s  way, th e  v a c a n c y  f o r m a t i o n  
vo lum e, dL i s  g i v e n ,  i n  a to m ic  v o lu m e s ,  by  (1 -  AVV) w here  AVV i s  th er
r e l a x a t i o n  volume a ro u n d  th e  d e f e c t .  H ence , f o r  i n t e r a t o m i c  p o t e n t i a l s ,
<{>(r) , e x t e n d i n g  t o  seco n d  n e a r e s t  n e ig h b o u r  d i s t a n c e s ,  th e  v a c a n c y  fo rm a­
t i o n  e n e r g y ,  ER , f o r  a  b . c . c .  m odel c a n  b e  c a l c u l a t e d  from
Ep = -  W C r j )  + 34>(r2 »  + pSJp -  , ( 3 .1 )
w h e r e t r ^  and r 2  a r e  th e  n e a r e s t  and seco n d  n e a r e s t  n e ig h b o u r  d i s t a n c e s  i n
th e  u n d i s t o r t e d  c r y s t a l ,  p i s  th e  Cauchy p r e s s u r e  ( s e e  C h a p te r  2 ) ,  and
V . . V . . .Er  i s  t h e  r e l a x a t i o n  e n e r g y .  ER i s  o b t a i n e d  d i r e c t l y  from  th e  s i m u l a t i o n ,
and a n  e s t i m a t e  o f  AV^, and th u s  can  b e  made (Doneghan, 1976; H e a ld ,
1976) from  t a b l e s  o f  d i s p l a c e m e n t s ,  such  a s  T a b le s  ( 3 .2 )  t o  ( 3 . 4 ) ,  f o r  t h e  
n e a r  n e ig h b o u r s  o f  th e  v a c a n c y ,  u s in g  (H e a ld ,  1976)
v  ■, 8  c|> (s  +u ( js ) )
AV = 3k I \  — sir   • <3 -2>
Here K i s  th e  b u lk  modulus (= - j  ( c ^  + 2 0 ^ ) ) *  u ( j O  a r e  t *1 6  d i s p l a c e m e n t s  
o f  atoms a t  s i t e s  s ,^ and t h e  sum m ation i s  p e r fo rm e d  f o r  a tom s a ro u n d  th e  
v a c a n c y  l y i n g  w i t h i n  a  r a n g e  d e f i n e d  by t h a t  o f  th e  p o t e n t i a l .
I n  th e  p r e s e n t  w ork , t h e  v a c an c y  s i m u l a t i o n s  w ere  a l l  p e r f o r m e d  a t  
c o n s t a n t  v o lum e , so  t h a t  when a b s o l u t e  v a l u e s  o f  m e a s u ra b le  q u a n t i t i e s ,  
such  a s  E p , were r e q u i r e d ,  t h e  volume c o n t r i b u t i o n s  to  t h e  e n e r g y  o f  th e  
c r y s t a l l i t e  had  t o  be e v a l u a t e d  s e p a r a t e l y  a s  i n d i c a t e d  a b o v e .  F o r  t h e  
s p e c i a l  c a s e  o f  th e  J q a - i r o n  p o t e n t i a l ,  t h e  Cauchy p r e s s u r e ,  p ,  i s  z e r o ,  
so  t h a t  th e  e n e rg y  o f  th e  sy s te m  does  n o t  have  any  e x p l i c i t  volum e d e p e n ­
d e n c e ,  and h e n c e  a c o n s t a n t  volume a p p r o x im a t io n  i s  a c c e p t a b l e .  I n d e e d ,  i n  
t h i s  c a s e ,  a  more u s e f u l  q u a n t i t y  t h a n  th e  v a c a n c y  f o r m a t io n  e n e r g y  f o r  t h e
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p r e s e n t  p u r p o s e s  i s  E ^ ,  t h e  p a i r  p o t e n t i a l  c o n t r i b u t i o n  t o  t h e  e x c e s s
e n e rg y  i n t r o d u c e d  i n t o  th e  c r y s t a l l i t e  when a  s i n g l e  a tom  i s  rem oved .
V .E i s  d e f i n e d  a s  f o l l o w s ,
EV = Ep+V -  EP , ( 3 .3 )
P+Vw here  E and E a r e  th e  e n e r g i e s  o f  th e  p e r f e c t  l a t t i c e  m o d e l ,  and  o f  
th e  same m ode l ,  a f t e r  r e l a x a t i o n ,  w i t h  an atom  m is s in g .  The l i n k  w i t h  
E q u a t io n  ( 3 .1 )  becomes c l e a r ,  s i n c e
V  = -  2 ( 4 * ( r x) + 3<f>(r2)) -  4  , ( 3 .4 )
h e n c e  f o r  J Q,
4  = ( 4 * ( r j )  + 3 ( . ( r 2)) + EV . ( 3 . 5 )
F o r  a  m odel w hich i s  s u b j e c t e d  t o  an  a p p l i e d  s t r e s s ,  b y  m a i n t a i n i n g
i t  a t  a  s t r a i n  e ,  th e  e f f e c t  on E^ i s  t o  change  i t  t o  a  new v a l u e  eE ^ ,
g iv e n  by
eEV = £EP+V -  eEP , ( 3 .6 )
i . e .  a  p r e - s u p e r s c r i p t  i s  u s e d  t o  d e n o te  t h a t  t h e  model i s  s t r a i n e d .  The
e V . .d ependence  o f  E on e was i n v e s t i g a t e d  f o r  b o t h  u n i a x i a l  and h y d r o s t a t i c
s t r e s s e s  u s in g  th e  J Q p o t e n t i a l ,  and th e  r e s u l t s  a r e  sum m arized  i n  T a b le  ( 3 .5 )
T h is  t a b l e  shows th e  r e s u l t s  i n  t h e  fo rm  o f  c o r r e c t i o n s  to  t h e  e n e rg y  E^ a t
z e ro  s t r a i n  ( eE^ -  E^) , f o r  t h e  l i m i t i n g  v a l u e s  o f  e ( i . e .  u n i a x i a l  s t r a i n s
of ± 0 .0 3 ,  and a  h y d r o s t a t i c  volume change  o f  3%). The v a r i a t i o n  i n  t h e  c a s e
o f  u n i a x i a l  s t r e s s e s  i s ,  t o  a  good a p p r o x im a t io n ,  p a r a b o l i c ,  w i t h  t h e  maxima 
e Vm  E f o r  e a c h  o f  th e  s t r e s s  ax e s  o c c u r r i n g  a t  e -  0 . 0 1 .  The d i f f e r e n c e s  m  
T ab le  ( 3 .5 )  i n  th e  c o r r e c t i o n s  to  E^ w i th  s t r e s s  a x i s  a r e  a  d i r e c t  r e s u l t  o f  
c r y s t a l  a n i s o t r o p y ,  th e  e f f e c t s  b e in g  l a r g e s t  f o r  th e  <1 1 1 > a x e s  and  s m a l l e s t
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e V •f o r  th e  <100> a x e s .  F o r  h y d r o s t a t i c  s t r e s s e s  th e  maximum i n  E i s
o b t a i n e d  a t  AV = 0 . As th e  l a t t i c e  p a r a m e te r  o f  th e  m odel i s  d e c r e a s e d
. . . .  e V .from  i t s  e q u i l i b r i u m  v a lu e  a t  AV = 0 ,  E i s  c o r r e s p o n d in g l y  r e d u c e d ,  so
t h a t  f o r  AV = 3%, th e  change i n  E^ i s  t h e  same o r d e r  o f  m ag n i tu d e  as  
o b t a in e d  f o r  th e  l i m i t i n g  v a l u e s  o f  u n i a x i a l  s t r a i n s  w hich  w ere  e x am in ed .
The m a g n i tu d e s  o f  th e  c o r r e c t i o n s  i n  T ab le  ( 3 .5 )  a r e  th u s  a l l  < 10 ” 2  E^ 
f o r  th e  r a n g e  o f  b o th  th e  ty p e s  o f  s t r e s s e s  i n v e s t i g a t e d .  A l th o u g h  t h e s e  
c o r r e c t i o n s  do n o t  f u l l y  r e f l e c t  t h e  r e s u l t a n t  changes  i n  v a c a n c y  f o r m a t i o n  
e n e r g y ,  w here  th e  te rm  ( ^ ( r ^ )  + 3<f>(r^)) i n  E q u a t io n  ( 3 .5 )  h a s  to  be  
i n c l u d e d ,  th e y  a r e  u se d  d i r e c t l y  i n  t h e  c a l c u l a t i o n s  o f  v a c a n c y  m i g r a t i o n  
e n e rg y ,  and a l s o  i n  th e  d iv a c a n c y  c a l c u l a t i o n s  w hich  a r e  p r e s e n t e d  i n  § 3 .4 .
3 . 3 . 2  M ig r a t i o n  E nergy
The c a l c u l a t i o n  o f  th e  h e i g h t  o f  th e  p o t e n t i a l  e n e rg y  b a r r i e r  f o r
v a c a n c y  m i g r a t i o n  f o l lo w s  on from  th e  d i s c u s s i o n  g iv e n  i n  t h e  p r e v i o u s
s e c t i o n ,  s i n c e  t h e  r e f e r e n c e  z e ro  o f  e n e rg y  i s  t a k e n  to  b e  t h e  e n e r g y  o f
th e  m odel when a  v a c a n c y  i s  l o c a t e d  e x a c t l y  a t  i t s  p e r f e c t  l a t t i c e  s i t e  
e Vi . e .  E . Changes i n  t h e  e n e rg y  o f  t h e  model a s  a n  atom i s  moved to w a rd s
e Vth e  v a c a n c y  a r e  t h e n  m o n i to re d  r e l a t i v e  to  t h i s  r e f e r e n c e  e n e r g y  E .
The s i g n i f i c a n t  r e s u l t s  f o r  s i n g l e  v a c a n c y  m i g r a t i o n  o b t a i n e d  u s i n g
the  J Q p o t e n t i a l  a r e  summ arized i n  F i g .  ( 3 . 3 ) ,  w here th e  e n e rg y  b a r r i e r s
a r e  shown a s  a  f u n c t i o n  o f  th e  p o s i t i o n  o f  th e  moving a tom . C urve  P o f
F i g .  ( 3 .3 a )  i s  f o r  a n  u n s t r e s s e d  c r y s t a l ,  and shows t h a t  t h e  m i g r a t i o n  
V .e n e rg y  E^ i s  0 .6 8  eV, w hich  c o n f i r m s  th e  r e s u l t s  o f  Jo h n s o n  ( 1 9 6 4 ) ,  who
u se d  th e  same p o t e n t i a l  and  a  s i m i l a r  m ethod to  c a l c u l a t e  eX. TheM
c h a r a c t e r i s t i c  form  o f  t h i s  c u rv e  w i t h  two maximum seems to  h a v e  p u z z le d  
p r e v i o u s  w o r k e r s ,  b u t  i n  f a c t  f o l l o w s  d i r e c t l y  from  s t r u c t u r a l  c o n s i d e r a t i o n s .
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Thus i f  an  atom  a t  [0 ,  0 ,  0] m i g r a t e s  a lo n g  th e  [ i l l ]  t h r e e - f o l d  a x i s  
to  a  v a c a n t  s i t e  a t  [-j , — , ^  > i-t s  c l o s e s t  a p p ro a c h  t o  n e ig h b o u r in g  atoms 
o c c u rs  when i t  i s  l o c a t e d  a t  [^- , ^  , ~] and [~  , •— , -j] and i s  p a s s i n g  
th ro u g h  e q u i l a t e r a l  t r i a n g l e s  o f  atom s l y i n g  i n  (111) p l a n e s .  These 
p o s i t i o n s  c o r r e s p o n d  to  t h e  two maxima on th e  c u r v e .  More s p e c i f i c a l l y ,  
a ssum ing  no ou tw ard s  r e l a x a t i o n s  o f  th e  a tom s c o n s t i t u t i n g  t h e s e  t r i a n g l e s ,  
th e  d i s t a n c e  o f  c l o s e s t  a p p ro a c h  i s  0 .8 1 7 a ,  w here  a  i s  th e  l a t t i c e  p a r a ­
m e te r ;  t h e  norm al n e a r e s t  n e ig h b o u r  d i s t a n c e  i s  0 . 8 6 6 a .
F i g .  ( 3 .3 a )  a l s o  i l l u s t r a t e s  th e  e f f e c t s  o f  u n i a x i a l  s t r e s s e s  a p p l i e d
p a r a l l e l  to  th e  jump d i r e c t i o n  [ i l l ] .  The c o r r e s p o n d in g  c u r v e s  f o r  s t r e s s e s
a lo n g  [ l l O ] ,  p e r p e n d i c u l a r  t o  t h i s  d i r e c t i o n ,  a r e  shown i n  F i g .  ( 3 . 3 b ) .
S t r e s s  p a r a l l e l  t o  th e  jump d i r e c t i o n  i s  s e e n  to  g iv e  r i s e  to  t h e  l a r g e s t
e f f e c t ,  so  t h a t  a t  e = 0 .0 3 ,  eE^ = 0 .7 5  eV and a t  e = -r 0 . 0 3 ,  Ge3  = 0 .5 8  eV.M M
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  f o r  e = -  0 . 0 3 ,  th e  p o t e n t i a l  b a r r i e r  h a s  a
s i n g l e  maximum a t  i t s  m id p o i n t .  The r e a s o n  f o r  t h i s  i s  t h a t  t h e  t r i a n g u l a r
a r ra n g e m e n ts  o f  atoms w hich  a r e  t r a v e r s e d  by th e  m i g r a t i n g  a tom  a r e  a l t e r e d
i n  s u c h  a  way t h a t  th e  c o r p o r a t e  e f f e c t  o f  th e  i n t e r a c t i o n s  w i t h  a l l  s i x
atoms a t  th e  m id p o in t  o f  th e  jump i s  l a r g e r  t h a n  th e  e f f e c t s  o f  t h e  a tom s
i n s i d e  one o f  t h e s e  t r i a n g l e s .  S t r e s s  i n  th e  [110] d i r e c t i o n ,  w h ich  i s
p e r p e n d i c u l a r  to  th e  jump d i r e c t i o n ,  h a s  a  s m a l l e r  e f f e c t  on th e  m i g r a t i o n
e n e r g y ,  and i n  t h i s  c a s e  t e n s i o n  p r o d u c e s  a . d e c r e a s e  and c o m p r e s s io n  a n
i n c r e a s e  i n  GeX. Thus a t  e = 0 .0 3 ,  GeX = 0 .6 5  eV and a t  e = -  0 . 0 3 ,M M
£ V .E^ = 0 .7 1  eV. H y d r o s t a t i c  s t r e s s e s  s im u la t e d  by  a change o f  vo lum e o f  3% 
s u r p r i s i n g l y  p ro d u c e d  a d e c r e a s e  i n  E ^ , b u t  o n ly  by a b o u t  0 .0 1  eV. P r e s s u r e s  
o f  s e v e r a l  t im e s  t h i s  m ag n i tu d e  had  t o  be a p p l i e d  b e f o r e  th e  a n t i c i p a t e d  
s i g n i f i c a n t  i n c r e a s e s  i n  E^ w ere  a p p a r e n t .
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3 .4  The D iv a c a n c ie s
3 . 4 . 1  B in d in g  E n e r g i e s
The r e s u l t s  o f  t h r e e  s e p a r a t e  s i m u l a t i o n s  a r e  r e q u i r e d  f o r  th e
c o m p u ta t io n  o f  a  b i n d in g  e n e r g y .  These g iv e  th e  c o n f i g u r a t i o n  e n e r g i e s
e Pf o r  th e  m odel a t  a  s t r a i n  e c o n t a i n i n g  i n i t i a l l y  no v a c a n c i e s  ( E ) ,
£ P+Vs e c o n d ly  a s i n g l e  v a c a n c y  ( E ) and f i n a l l y  a  p a r t i c u l a r  d iv a c a n c y  
e P+2V( E ) . The e n e rg y  a s s o c i a t e d  w i t h  t h e  c r e a t i o n  of. th e  d iv a c a n c y  i s  
t h e n  g i v e n  by
eE 2V = eEP+2V -  e EP , ( 3 .7 )
0  V £ 2Va n a la g o u s ly  t o  E q u a t io n  ( 3 . 6 ) .  J u s t  a s  w i th  E , E d oes  n o t  become
th e  c o n v e n t i o n a l  f o r m a t io n  e n e rg y  o f  th e  d iv a c a n c y  a t  e = 0 , a s  t h e  t o t a l
number o f  atom s i n  th e  m odel i s  n o t  c o n s e r v e d .  However, t h e  b i n d i n g  e n e rg y
£ V1V2 .
o f  th e  d i v a c a n c y ,  E , w hich  c a n  be  e x p r e s s e d  as
X )
CE 1 2  = 2£EV -  eE 2V , ( 3 .8 )15
i s ,  a t  l e a s t  f o r  e q u i l i b r i u m  p o t e n t i a l s ,  t h e  c o n v e n t i o n a l  b i n d i n g  e n e r g y ,  a s  
th e  c o r r e c t i o n  te rm s  i n  eE^ and eE2^  c a n c e l .
A n u m e r ic a l  summary o f  th e  r e s u l t s  f o r  th e  p o t e n t i a l ,  a t  th e  
l i m i t i n g  s t r a i n s  w hich  were i n v e s t i g a t e d ,  i s  g iv e n  i n  T a b le  ( 3 . 6 ) .  I n  th e  
t a b l e ,  w h ich  i s  d i v id e d  i n t o  t h r e e  s e c t i o n s  c o r re s p o n d in g  t o  t h e  2 [ i l l ] ,
[lOO] and  \  [311] d i v a c a n c i e s ,  th e  c o r r e c t i o n s  t o  t h e  b i n d i n g  e n e r g i e s  a t
e V1V2 V1V2
e = 0  ( i . e .  Eg ~ Eg ) a r e  p r e s e n t e d  f o r  b o t h  u n i a x i a l  and h y d r o s t a t i c  
s t r e s s e s .  F o r  th e  \ [ i l l ]  and [lOO] d i v a c a n c i e s  th e  e f f e c t s  o f  u n i a x i a l  
s t r e s s e s  p a r a l l e l  and p e r p e n d i c u l a r  t o  th e  ax es  o f  th e  d e f e c t s  w ere  e x a m in ed .
The s t r e s s  a x e s  u s e d  i n  th e  c a s e  o f  th e  \  [311] d iv a c a n c y  w ere  c h o se n  to  be  
th e  same as  f o r  t h e  [ 1 0 0 ] t y p e ,  so t h a t  th e  e f f e c t s  on m i g r a t i o n  c o u ld  be 
s t u d i e d ,  and f o r  th e  same r e a s o n ,  t h e  [ 1 1 1 ] a x i s  was a l s o  u s e d  f o r  t h e s e  
two d i v a c a n c i e s .
The u n i a x i a l  r e s u l t s  a r e  g iv e n  more f u l l y  i n  g r a p h i c a l  fo rm  i n  F i g .  
( 3 . 4 ) .  I n  o r d e r  t o  a v o id  c o n f u s io n  i n  t h i s  f i g u r e ,  o n ly  th e  [ i l l ]  and  [ O i l ]  
s t r e s s  a x e s  a r e  shown f o r  th e  g [311] d iv a c a n c y ,  a s  t h e s e  p ro d u c e  th e  maximum
and minimum o b s e rv e d  v a r i a t i o n s  r e s p e c t i v e l y  i n  th e  b i n d i n g  e n e r g y  o f  t h i s
1 . ■ .
d e f e c t .  The maximum change  o v e r  th e  s t r a i n  r a n g e  from  -  0 .0 3  t o  0 .0 3  i s
s e e n  to  be  0 .0 5 1  eV, w h ich  i s  o f  t h e  same o r d e r  o f  m a g n i tu d e  as  t h e  b i n d i n g  
e n e rg y  o f  0 .0 4 7  eV a t  e = 0 .  S i m i l a r l y  w i t h  th e  g [ i l l ]  and [100] d i v a c a n ­
c i e s ,  as  shown i n  F i g .  ( 3 . 4 ) ,  changes  i n  t h e  b i n d in g  e n e r g i e s  c o m p a ra b le  
w i th  t h e  v a lu e s  o f  0 .1 2 7  and 0 .1 9 1  eV r e s p e c t i v e l y  a t  e = 0 ,  c a n  be  i n d u c e d .  
F o r  t h e s e  two t y p e s ,  t h e  maximum e f f e c t  i s  p ro d u c e d  by s t r e s s e s  p a r a l l e l  to  
t h e i r  a x e s .  The r e s u l t s  do how ever d i f f e r  i n  s i g n  f o r  t h e s e  two c a s e s .
F o r  t h e  g [ i l l ]  d iv a c a n c y ,  i n c r e a s i n g  a x i a l  s t r e s s  t e n d s  to  i n c r e a s e  t h e  
b i n d i n g  e n e r g y ,  w h e re as  w i t h  th e  [100] t y p e ,  t h e  e f f e c t  i s  r e v e r s e d .  Only 
one s t r e s s  a x i s  l y i n g  i n  t h e  ( 1 1 1 ) p l a n e  i s  r e p o r t e d  f o r  t h e  g [ 1 1 1 ] d i v a ­
c a n cy ,  b e c a u s e  th e  e f f e c t i v e  i s o t r o p y  o f  t h i s  p l a n e  s u g g e s t s  t h a t  a l l  s u c h  
axes  a r e  e q u i v a l e n t .  The b i n d i n g  e n e rg y  f o r  t h e s e  t r a n s v e r s e  a x e s  i s  r e l a ­
t i v e l y  w eak ly  d e p e n d e n t  on s t r e s s .  The e f f e c t s  on t h e  [100] d iv a c a n c y  f o r  
s t r e s s  a x e s  l y i n g  i n  t h e  o r th o g o n a l  (100) p l a n e  a r e  a n i s o t r o p i c .  The r e s u l t s  
g iv e n  i n  F i g .  ( 3 .4 )  a r e  f o r  th e  [001] and  [O i l ]  a x e s ,  and i n  b o t h  c a s e s ,  t h e  
b i n d in g  e n e rg y  i n c r e a s e s  w i th  t e n s i o n ,  and d e c r e a s e s  w i th  c o m p r e s s io n .
The p r o m in e n t  f e a t u r e  o f  th e  h y d r o s t a t i c  s t r e s s  r e s u l t s  shown i n  
T ab le  ( 3 . 6 ) ,  i s  t h a t  t h e  e f f e c t s  o f  t h e  s t r e s s  a r e  i n  o p p o s i t e  s e n s e s  f o r
-  44 -
t h e  £ [ i l l ]  and [100] d i v a c a n c i e s .  T hus , as h y d r o s t a t i c  p r e s s u r e  i s  
i n c r e a s e d ,  th e  b in d in g  e n e rg y  o f  t h e  1  [ i l l ]  t y p e  d e c r e a s e s ,  w h e re a s  f o r  
th e  [lOO] type  t h e r e  a r e  s i m i l a r  i n c r e a s e s .  Fo r  a l l  t h r e e  d i v a c a n c i e s ,  
th e  v a r i a t i o n  o f  b i n d i n g  e n e r g i e s  w i t h  AV/V was l i n e a r  up t o  t h e  l i m i t i n g  
v a lu e  o f  AV/V = 3%, and t h e r e f o r e  th e  r e s u l t s  a r e  n o t  p r e s e n t e d  g r a p h i c a l l y ,  
as th e y  w ere  f o r  t h e  u n i a x i a l  s t r e s s e s .
3 , 4 . 2  M ig r a t io n  E n e r g ie s
j As p o i n t e d  o u t  i n  § 3 .2 ,  d iv a c a n c y  m i g r a t i o n  i s  s i m i l a r  t o  s i n g l e
v a c an c y  m i g r a t i o n  i n  t h a t  i t  t a k e s  p l a c e  v i a  t h e  movement o f  one a tom .
B ecause  o f  t h i s ,  t h e  m ethod o f  c a l c u l a t i n g  th e  m i g r a t i o n  e n e r g i e s  i s  th e
same, and j u s t  as w i th  th e  s i n g l e  v a c a n c i e s ,  w here  th e  r e f e r e n c e  z e r o  o f  e n e rg y  
g V £ 2V
was E , th e  r e f e r e n c e  e n e rg y  was t a k e n  t o  be  E f o r  th e  d i v a c a n c i e s .
E 2 V - .However, i t  m ust be  b o rn e  m  mind t h a t  s i n c e  E c o n ta i n s  i n f o r m a t i o n  a b o u t
th e  b i n d in g  e n e rg y  o f  th e  p a r t i c u l a r  d i v a c a n c y ,  i n  g e n e r a l  i t  h a s  a  d i f f e ­
r e n t  v a lu e  b e f o r e  and a f t e r  th e  m i g r a t i o n  jump.
T a b le  ( 3 .7 )  shows th e  r e s u l t s  o b t a i n e d  f o r  t h i s  s e c t i o n ,  and l i s t e d
g  2 V
a r e  th e  e n e r g i e s ,  E^ , f o r  th e  m i g r a t i o n  o f  t h e  s t a b l e  [ 1 0 0 ] d iv a c a n c y  by
means o f  th e  two m echan ism s, [100] -* 2 [311] [100] and [100] 2 [ i l l ]  ->
[ 1 0 0 ] ,  u n d e r  v a r i o u s  s t r e s s  c o n d i t i o n s ,  f o r  th e  J Q p o t e n t i a l .  A c o m p a r iso n
o f  t h e s e  r e s u l t s  w i t h  t h e s e  f o r  th e  s i n g l e  v a c an c y  d e m o n s t r a te s  t h a t  t h e
dependence  on a p p l i e d  u n i a x i a l  and h y d r o s t a t i c  s t r e s s e s  i s  s i m i l a r .  Once
a g a i n ,  u n i a x i a l  s t r e s s e s  a p p l i e d  p a r a l l e l  to  th e  jump d i r e c t i o n  h a v e  l a r g e r
e f f e c t s  t h a n  th o s e  a p p l i e d  p e r p e n d i c u l a r  to  t h i s  d i r e c t i o n ,  and t h e s e  e f f e c t s
a c t  i n  o p p o s i t e  s e n s e s .  F u r th e r m o r e ,  h y d r o s t a t i c  s t r e s s e s  p r o d u c e  much
£ 2Vs m a l l e r  changes m  th e  m i g r a t i o n  e n e r g i e s ,  E^ . A t p r e s s u r e s  o f  a b o u t
2 v5 GPa, s i m u l a t e d  by a volume change o f  3%, th e  maximum c o r r e c t i o n  t o  E '^ (e = ,0 )
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i s  s e e n  from  T ab le  ( 3 .7 )  t o  be  0 .0 5  eV, and i s  f o r  th e  \  [ i l l ]  **■ [100] 
s e q u e n c e ,  w h e re as  f o r  t h e  same jump, and a u n i a x i a l  s t r e s s  d i r e c t e d  a lo n g  
[mi, t h e  m ag n i tu d e  o f  th e  c o r r e c t i o n  i s  0 .1 4  eV a t  £ = -  0 . 0 3 .  The sh ap e  
o f  th e  p o t e n t i a l  e n e rg y  b a r r i e r s  f o r  d iv a c a n c y  m i g r a t i o n  a r e  a l s o  s i m i l a r  
to  th e  s i n g l e  v a c an c y  c u r v e s .  By way o f  e x a m p le ,  F ig .  ( 3 .5 )  shows th e  b a r r i e r s  
o b t a i n e d  f o r  th e  [100] -> |  [311] and [100] ->■ j  [111] d iv a c a n c y  changes  w i t h  
a p p l i e d  [ i l l ]  u n i a x i a l  s t r a i n s  o f  ± 0 .0 3 ,  The r e s u l t s  f o r  e = 0 a r e  a l s o  
i n c l u d e d  i n  t h i s  f i g u r e ,  and th e  asymmetry due t o  t h e  d i f f e r e n c e s  i n  b i n d in g  
e n e r g i e s  o f  th e  t h r e e  d iv a c a n c y  c o n f i g u r a t i o n s  i s  c l e a r l y  i l l u s t r a t e d .  From 
§ 3 . 4 . 1 ,  t h e s e  d i f f e r e n c e s  b e tw e en  th e  [100] and  \  [3 1 1 ] ,  and [ 1 0 0 ] and \  [ i l l ]  
d i v a c a n c i e s  a r e  0 .1 3 4 ,  0 .1 4 4  and 0 .1 6 5  eV, and 0 .0 7 4 ,  0 .0 6 4  and 0 .0 5 0  eV 
r e s p e c t i v e l y  f o r  z  -  -  0 . 0 3 , 0  and 0 .0 3 .
3 .5  D i s c u s s i o n
The r e s u l t s  w hich  have  b een  p r e s e n t e d  i n  §§ 3 ,3  and 3 .4  i n d i c a t e  t h a t  
many i m p o r ta n t  p r o p e r t i e s  o f  v a c a n c i e s  and d i v a c a n c i e s  can  change a p p r e c i a b l y  
when a b . c . c .  c r y s t a l  i s  s u b j e c t e d  t o  an a p p l i e d  s t r e s s .  The m i g r a t i o n  
e n e r g i e s  o f  s i n g l e  v a c a n c i e s ,  and th e  b in d in g  and m i g r a t i o n  e n e r g i e s  o f  
d i v a c a n c i e s  a r e  p a r t i c u l a r l y  s e n s i t i v e  t o  s t r e s s ,  and t h i s  h a s  b e e n  demon­
s t r a t e d  f o r  u n i a x i a l  and h y d r o s t a t i c  s t r e s s e s  o f  up to  8  GPa. T hese  s t r e s s e s ,  
and t h e i r  c o r r e s p o n d in g  e l a s t i c  s t r a i n s  a r e  o f  c o u rs e  v e r y  l a r g e ,  and  i n  
r e a l  c r y s t a l s  th e y  c o u ld  o n ly  o c c u r  l o c a l l y ,  such  as i n  t h e  n e ig h b o u rh o o d  
o f  d i s l o c a t i o n s ,  ho w ev er ,  th e y  do s e r v e  to  i n d i c a t e  c l e a r l y  t h e  s e n s e  o f  
th e  e f f e c t s  w h ich  a r e  p r o d u c e d .  I n  a d d i t i o n ,  a l t h o u g h  th e  J Q p o t e n t i a l  
was u s e d  to  o b t a i n  th e  m a j o r i t y  o f  th e  r e s u l t s  g iv e n  i n  t h i s  c h a p t e r ,  
p r e l i m i n a r y  e x p e r im e n t s  w ere  a l s o  c a r r i e d  o u t  u s in g  th e  KH and ST p o t e n t i a l s ,  
and th e  same g e n e r a l  p a t t e r n  o f  b e h a v io u r  was o b s e rv e d .  T h is  s u g g e s t s  t h a t
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t h e  r e s u l t s  a r e  p r o b a b ly  r e p r e s e n t a t i v e  o f  many b . c . c .  m e t a l s ,  and n o t  
s im p ly  a s s o c i a t e d  w i th  one p a r t i c u l a r  p o t e n t i a l .
I t  i s  w o r th  e m p h a s iz in g  t h a t  th e  r e s u l t s  have  b e e n  o b t a i n e d  u s in g  
a com pute r  model w h ich  i s  s u b j e c t  t o  s e v e r a l  l i m i t a t i o n s .  Thus f o r  exam ple  
th e  e n e r g i e s  w h ich  have  b e e n  q u o te d  a l l  r e f e r  to  c r y s t a l s  i n  s t a t i c  e q u i ­
l i b r i u m  a t  OK. The u se  o f  su ch  a m odel t o  s i m u l a t e  th e  e s s e n t i a l l y  dynamic 
p r o c e s s  o f  v a c an c y  m i g r a t i o n  i s  o b v i o u s l y  q u e s t i o n a b l e .  S t r i c l y  t h e  m odel
s h o u ld  n o t  have  been  f u l l y  r e l a x e d  a t  t h e  i n t e r m e d i a t e  s t a g e s  o f  t h e
m i g r a t i o n  jum p, s i n c e  i n  a  more r e a l i s t i c  m o d e l ,  t h e  r e l a x a t i o n s  w ou ld  be
r e s t r i c t e d  t o  o c c u r  w i t h i n  a c e r t a i n  zone d e f i n e d  by th e  t im e  s c a l e  o f  t h e
jump. However, a l th o u g h  th e  a b s o l u t e  m a g n i tu d e s  o f  th e  v a r i o u s  e n e r g i e s  
w h ich  a r e  r e p o r t e d  i n  t h i s  c h a p t e r  may be  u n r e l i a b l e ,  th e  c hanges  r e s u l t i n g  
from  th e  a p p l i c a t i o n  o f  s t r e s s e s  a r e  f a r  more l i k e l y  t o  b e  s a t i s f a c t o r y .
I n  o r d e r  to  check  th e  su p p o sed  i s o t r o p y  o f  u n i a x i a l  s t r e s s e s  i n  th e  
(111) p l a n e  on th e  b in d in g  e n e rg y  o f  t h e  g [ i l l ]  d iv a c a n c y  ( s e e  § 3 . 4 . 1 ) ,  
s t r e s s e s  w ere  a p p l i e d  i n  th e  [110] and [112] d i r e c t i o n s  i n  m odel C o f  T a b le  
( 3 . 1 ) .  The r e s u l t s  w ere  th e n  compared w i t h  th o s e  a l r e a d y  o b t a i n e d  f o r  
model B c o n t a i n i n g  a \  [ i l l ]  d iv a c a n c y  u n d e r  [110] s t r e s s .  W i th in  t h e  
l i m i t s  o f  a c c u r a c y ,  a l l  t h r e e  c a s e s  gave  th e  same v a r i a t i o n s  i n  t h e  b i n d i n g  
e n e rg y  o v e r  th e  w hole  r a n g e  o f  s t r a i n s  from  -  0 .0 3  to  0 . 0 3 .  T h i s  r e s u l t  
i s  p a r t i c u l a r l y  i n t e r e s t i n g ,  a s  s t r e s s e s  a lo n g  th e  [ 1 1 0 ] and [ 1 1 2 ] d i r e c t i o n s  
s h o u ld  r e s u l t  i n  s m a l l  s h e a r  s t r a i n s  o f  model C. These s h e a r  s t r a i n s  h o w e v e r ,  
w ere  n o t  a p p l i e d  i n  th e  s i m u l a t i o n .  Thus th e  e x t r a  r e s u l t s  f o r  m odel C do 
n o t  c o r r e s p o n d  e x a c t l y  t o  a u n i a x i a l  s t r e s s  s i t u a t i o n ,  w h e re a s  t h e  a s s o c i a t e d  
r e s u l t  f o r  model B d o e s .  Hence th e  f a c t  t h a t  th e  r e s u l t s  a r e  e s s e n t i a l l y  
th e  same n o t  o n ly  u n d e r l i n e s  th e  r e l i a b i l i t y  o f  th e  m e th o d s ,  b u t  a l s o  shows 
t h a t  t h e  b in d in g  e n e rg y  o f  th e  [ i l l ]  d iv a c a n c y  i s  i n s e n s i t i v e  t o  s m a l l  s h e a r s .
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U n f o r t u n a t e l y  no r e a l  e x p e r i m e n t a l  r e s u l t s ,  w h ich  c o u ld  be  
compared w i t h  th e  s im u l a t e d  e x p e r i m e n t a l  r e s u l t s  g iv e n  h e r e ,  a p p e a r  to  
be a v a i l a b l e .  A lso  t h i s  seems to  b e  th e  f i r s t  com puter  s i m u l a t i o n  s tu d y  
o f  th e  e f f e c t s  o f  s t r e s s  on v a c a n c i e s  and d i v a c a n c i e s .  However p r e v i o u s  
com puter  s t u d i e s  have  b een  c a r r i e d  o u t  on th e  b i n d in g  e n e r g i e s  o f  d i v a ­
c a n c i e s ,  and th e  m i g r a t i o n  e n e r g i e s  o f  s i n g l e  v a c a n c i e s  a t  z e ro  s t r e s s  
and t h e s e  can  be  compared w i t h  t h e  c o r r e s p o n d in g  r e s u l t s  o f  t h e  p r e s e n t  
w ork . T a b le  ( 3 .8 )  sum m arizes such  a c om par ison  f o r  th e  d iv a c a n c y  b i n d in g  
e n e r g i e s .  E n e r g ie s  a r e  g iv e n  i n  t h i s  t a b l e  f o r  n e a r e s t  t o  f o u r t h  n e a r e s t  
n e ig h b o u r  d i v a c a n c i e s  i n  a - i r o n ,  molybdenum and t u n g s t e n .  Com paring f i r s t  
th e  d a t a  f o r  a - i r o n ,  th e  a g reem en t  b e tw e en  th e  p r e s e n t  w ork and t h a t  o f  
B e e l e r  and Jo h n so n  (1967) i s  s e en  t o  be e x c e l l e n t .  S in c e  t h e  i r o n  p o t e n ­
t i a l s  u se d  i n  th e  two s t u d i e s  w ere  th e  sam e, t h i s  a g re e m e n t  i s  o f  c o u r s e  
to  be  e x p e c t e d ,  b u t  i t  i s  s t i l l  e n c o u ra g in g  t o  know t h a t  th e  two in d e p e n ­
d e n t  and  d i f f e r e n t  c o m p u ta t io n a l  p r o c e d u r e s  g iv e  c o n s i s t e n t  r e s u l t s .  F o r  
molybdenum and t u n g s t e n ,  Jo h n so n  and W ilson  (1972) have  r e p o r t e d  b i n d i n g  
e n e r g i e s  f o r  th e  |  <111>, <100> and <110> d i v a c a n c i e s .  J u s t  a s  i n  th e  
p r e s e n t  w ork , t h e s e  a u th o r s  d id  n o t  t a k e  a c c o u n t  o f  th e  c o n t r i b u t i o n  to  
th e  i n t e r a c t i o n  e n e r g i e s  f o r  t h e s e  m e t a l s  a r i s i n g  from  th e  e x t r a  volume 
change w h ich  t a k e s  p l a c e  i n  t h e  r e a l  c r y s t a l  when th e  two v a c a n c i e s  a r e  
b r o u g h t  t o g e t h e r .  A c o n s t a n t  volume m odel was assumed i n  b o t h  s t u d i e s  
h e n c e  th e  e n e r g i e s  shown f o r  t h e s e  two m e ta l s  i n  T ab le  ( 3 .8 )  a r e  s u b j e c t  
t o  a  c e r t a i n  e r r o r ,  a l t h o u g h  t h i s  e r r o r  i s  l i k e l y  t o  be  s m a l l .  D e s p i t e  
th e  u se  o f  d i f f e r e n t  p o t e n t i a l s  t h e  r e s u l t s  a r e  i n  s a t i s f a c t o r y  a g re e m e n t  
w i th  th e  p r e s e n t  w ork . Thus th e  <100> d iv a c a n c y  i s  th e  m ost  s t a b l e ,  t h e  
\  <111> ty p e  i s  a l s o  s t a b l e ,  b u t  th e  <110> ty p e  i s  u n s t a b l e .  F o r  a l l  t h r e e  
d i v a c a n c i e s  i n  b o th  m e ta l 's ,  th e  b i n d in g  e n e r g i e s  p r e s e n t e d  h e r e  a r e  r a t h e r  
l a r g e r  th e n  th o s e  o f  th e  e a r l i e r  w ork , b u t  t h i s  i s  n o t  c o n s i d e r e d  s i g n i f i c a n t
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e x c e p t  p e rh a p s  f o r  t h e  \  <111> ty p e  w hich  th e  Jo h nson  and W ilso n  (1972) 
r e s u l t s  s u g g e s t  i s  o n ly  m a r g i n a l l y  s t a b l e .  The o n ly  o t h e r  p r e v i o u s  
r e s u l t s  on d iv a c a n c y  b i n d i n g  e n e r g i e s  a r e  th o s e  g iv e n  by Kenny and H e a ld  
( 1 9 7 4 ) ,  w hich  a r e  now c o n s id e r e d  to  be u n r e l i a b l e  (H e a ld ,  1 9 7 7 ) .
A number o f  a u th o r s  have  c a r r i e d  o u t  com puter  s i m u l a t i o n  e x p e r im e n t s  
t o  d e te rm in e  v a c an c y  m i g r a t i o n  e n e r g i e s  i n  u n s t r e s s e d  b . c . c .  m e t a l s  ( J o h n s o n ,  
1964; W y n b la t t ,  1968; Neumann e t  a l . , 1972; Jo h n so n  and W i ls o n ,  1 9 7 2 ) .  As 
m en t io n e d  i n  § 3 . 3 . 2 ,  th e  r e s u l t s  o f  th e  p r e s e n t  . s tu d y  f o r  a - i r o n  a g r e e  
e x a c t l y  w i t h  t h o s e  r e p o r t e d  by Johnson  (1 9 6 4 ) .  Thus n o t  o n ly  was t h e  same 
v a lu e  f o r  th e  m i g r a t i o n  e n e rg y  o b t a i n e d ,  b u t  a l s o  t h e  same d o u b le - p e a k e d  
sh ap e  r e s u l t e d  f o r  t h e  m i g r a t i o n  e n e rg y  b a r r i e r .  A g a in ,  t h i s  a g re e m e n t  i s  
n o t  s u r p r i s i n g  c o n s i d e r i n g  t h a t  t h e  same p o t e n t i a l  was u se d  i n  b o t h  s t u d i e s .
The shape  o f  th e  e n e rg y  b a r r i e r ,  w hich  w ould  a p p e a r  t o  be  a d i r e c t  r e s u l t  
o f  c r y s t a l  s t r u c t u r e ,  has  a l s o  b een  c o n f i rm e d  by th e  work o f  J o h n s o n  and 
W ilson  ( 1 9 7 2 ) ,  who i n v e s t i g a t e d  v a c an c y  m i g r a t i o n  f o r  s e v e r a l  d i f f e r e n t  
e m p i r i c a l  b . c . c .  p o t e n t i a l s .  W y n b la t t  (1968) and Neumann e t  a l .  ( 1 9 7 2 ) ,  
on th e  o t h e r  h a n d ,  d i d  n o t  o b s e rv e  th e  same b e h a v io u r  i n  t h e i r  s i m u l a t i o n s  
u s in g  Morse p o t e n t i a l s .  Both  r e p o r t  a  s i n g l e  maximum i n  th e  e n e rg y  b a r r i e r ,  
and t h i s  i s  m ost l i k e l y  due t o  th e  a r t i f i c i a l  r e s t r i c t i o n s  w h ic h  th e y  
im pose on t h e i r  a to m ic  r e l a x a t i o n s ,  c o u p le d  w i t h  t h e  l o n g - r a n g e  n a t u r e  o f  t h e i r  
p o t e n t i a l s .  The o n ly  e x t e n s i v e  com puter  s tu d y  o f  d iv a c a n c y  m i g r a t i o n  i n  b . c . c .  
m e ta l s  w h ich  a p p e a r s  t o  be  a v a i l a b l e  i s  t h a t  o f  B e e l e r  and  Jo h n so n  ( 1 9 6 7 ) .
F o r  th e  [lOO] -> i [311] and [100] -> \  [ i l l ]  c o n f i g u r a t i o n  c h a n g e s ,  a t  e = 0 
i n  a - i r o n ,  th e y  o b t a i n e d  m i g r a t i o n  e n e r g i e s  o f  0 .6 5  and 0 ,7 5  eV r e s p e c t i v e l y ,  
w hich  compare v e r y  f a v o u r a b ly  w i t h  th e  r e s u l t s  g iv e n  i n  t h i s  w ork i n  T a b le
( 3 . 7 ) .
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As f a r  as e x p e r i m e n t a l l y  c h e ck in g  th e  computed p r e d i c t i o n s  o f  t h e  
e f f e c t s  o f  s t r e s s  i s  c o n c e rn e d ,  a  means o f  d o in g  t h i s  a t  a  q u a l i t a t i v e  l e v e l  
may be  p o s s i b l e  f o r  th e  v a c a n c y  m i g r a t i o n  e n e r g i e s .  U s ing  th e  t e c h n i q u e s  
d e s c r i b e d  by Gahr e t  a l .  (1977) and G ro ssb eck  and B im baum  ( 1 9 7 7 ) ,  th e  
f o r m a t io n  o f  h y d r id e s  i n  n io b iu m  s i n g l e  c r y s t a l s  c o u ld  be  s t u d i e d  u n d e r  
c o n t r o l l e d  s t r e s s  c o n d i t i o n s .  S in c e  th e  h y d ro g en  d i f f u s i o n  w i l l  o c c u r  by 
m o tio n  th ro u g h  th e  t r i a n g u l a r  a r ra n g e m e n ts  o f  h o s t  atoms on ( 1 1 1 ) p l a n e s  
i n  a  s i m i l a r  m anner t o  v a c an c y  m o t io n ,  o b s e r v a t i o n s  o f  t h e  g ro w th  o f  th e  
h y d r id e  p h a s e s  s h o u ld  d i f f e r  f o r  th e  same spec im en  u n d e r  d i f f e r e n t  l o a d i n g  
c o n d i t i o n s .  More s p e c i f i c a l l y ,  th e  v a r i a t i o n s  i n  th e  d i f f u s i o n  b e h a v io u r  
w i t h  s t r e s s  a x i s  s h o u ld  b e a r  o u t  th e  r e s u l t s  w h ich  have  b e e n  p r e s e n t e d  i n  
§ 3 .2 . 2 .
I n  s p i t e  o f  t h e  l a c k  o f  a v a i l a b l e  d a t a  w i t h  w hich  th e  r e s u l t s  o f  
t h i s  c h a p t e r  can  be com pared , i t  i s  e n c o u r a g in g  t h a t  when su c h  c o m p a r is o n s  
can be made ( su c h  as  a t  z  = 0 ) , t h e  p r e s e n t  r e s u l t s  p ro v e  p e r f e c t l y  a c c e p t a b l e .  
I n  a d d i t i o n ,  g r e a t  c a r e  was t a k e n  t o  check  t h a t  th e  v a r i o u s  p r o p e r t i e s  o f  
v a c a n c i e s  and d i v a c a n c i e s  v a r i e d  sm o o th ly  w i t h  t h e  a p p l i e d  s t r e s s e s  up to  
th e  l i m i t i n g  v a lu e s  ex am in ed ,  and i n  a l l  c a s e s  t h i s  was o b s e r v e d ,  ( s e e  e . g .
F i g .  ( 3 . 4 ) ,  w h ich  i l l u s t r a t e s  t h i s  f o r  th e  d iv a c a n c y  b i n d i n g  e n e rg y  r e s u l t s ) .  
T hus ,  a l t h o u g h  th e  m a j o r i t y  o f  th e  r e s u l t s  have  o n ly  b een  g iv e n  i n  te rm s  
o f  th e  e f f e c t s  p ro d u c e d  a t  th e  l i m i t i n g  v a lu e s  o f  a p p l i e d  s t r e s s ,  none  o f  
t h e s e  a r e  c o n s id e r e d  s p u r i o u s  r e s u l t s .  W ith  t h i s  b o rn e  i n  m in d ,  i t  i s  a l s o  
e n c o u ra g in g  t h a t  many o f  t h e  r e s u l t s  can be  e x p l a i n e d  by d i r e c t  r e f e r e n c e  
t o  t h e  c r y s t a l  s t r u c t u r e .  F o r  e x am p le ,  th e  e f f e c t s  o f  u n i a x i a l  s t r e s s  on 
vacan cy  and d iv a c a n c y  m i g r a t i o n  can a l l  be  i n t e r p r e t e d  s a t i s f a c t o r i l y  by 
th e  e f f e c t s  o f  th e  s t r e s s  on th e  s i z e  and sh a p e  o f  th e  two t r i a n g l e s  o f  
atoms th ro u g h  w hich  th e  m i g r a t i n g  atom  h a s  t o  s q u e e z e .  Checks s u c h  as  t h i s  
s e r v e  t o  em phas ize  th e  f a c t  t h a t  t h e  c o m p u ta t io n a l  m ethods a r e  w o rk in g
r e l i a b l y .
T a b le  ( 3 .1 )  The m odels  and d e f o r m a t io n s  i n v e s t i g a t e d
Model f a c e s S t r e s s P o i s s o n  R a t io s
Model
x  y z a x i s Vyx Vzx
A ( 1 0 0 ) ( 0 1 0 ) ( 0 0 1 ) [ 1 0 0 ] S 1 2 / s 1 1 S13/ s 11
B ( 1 1 0 ) ( 1 1 0 ) ( 0 0 1 ) [ 1 1 0 ] B , B s /  s 
1 2  1 1
B , B s / s  13 1 1
c . ( 1 1 1 ) ( 1 1 0 ) ( 1 1 2 ) [1 1 1 ]
C , C s /  s i z '  1 1
C , C s / s  13 1 1
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T ab le  ( 3 .2 )  The d i s p l a c e m e n ts  a ro u n d  a s i n g l e  v a c an c y  i n  a - i r o n
L a t t i c e s i t e s D is p la c e m e n ts
n l n 2 n 3 n i n 2n 3 U j / a .u2 / a U3/ a
1 1 1 0 . 8 6 6 - 0 .0 1 4 7 3 -0 .0 1 4 7 3 - 0 .0 1 4 7 3
-2 0 0 1 . 0 0 0 0 .02564 0 0
2 2 0 1 .414 -0 .0 0 3 0 5 -0 .0 0 3 0 5 0
3 1 1 1 .658 0 .00175 0 .00147 0 .0 0 1 4 7
2 2 2 1 .732 - 0 .0 0 4 9 7 - 0 .0 0 4 9 7 - 0 .0 0 4 9 7
4 0 0 2 . 0 0 0 0 .00337 0 0
3 3 1 2 .1 7 9 - 0 .0 0 1 0 9 -0 .0 0 1 0 9 - 0 .0 0 0 2 4
4 2 0 2 .2 3 6 0 . 0 0 0 2 1 0 . 0 0 0 0 2 0
4 2 2 2 .4 5 0 0 . 0 0 0 0 2 0 .0 0 0 1 4 0 .0 0 0 1 4
5 1 1 2 .5 9 8 0 .0 0 0 7 0 0 .0 0034 0 .0 0 0 3 4
3 3 3 2 .5 9 8 -0 .0 0 1 8 0 - 0 .0 0 1 8 0 - 0 .0 0 1 8 0
4 4 0 2 .8 2 8 -0 .0 0 0 4 9 - 0 .0 0 0 4 9 0
5 3 1 2 .9 5 8 -0 .0 0 0 0 7 -0 .0 0 0 0 5 - 0 . 0 0 0 0 1
6 0 0 3 .0 0 0 0 .0 0 0 5 2 0 0
4 4 2 3 .0 0 0 -0 .0 0 0 5 1 -0 .0 0 0 5 1 -0 .0 0 0 1 7
The s e p a r a t i o n s  be tw een  th e  d i s p l a c e d  atom s and th e  v a c a n c y ,  i n  t h e
u n r e l a x e d  s t a t e ,  d , a r e  m easu red  i n  u n i t s  o f  a ,  t h e  l a t t i c en n  n  ’ *1 2  3
p a r a m e t e r .  The v a c an c y  i s  s i t u a t e d  a t  th e  o r i g i n ,  and t h e  l a t t i c e  
s i t e s  a r e  a t  y  , n ^ , n 3) .
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T ab le  ( 3 .3 )  The d i s p l a c e m e n ts  a round  a s i n g l e  v a c a n c y  i n  molybdenum
L a t t i c e s i t e s
A
D is p la c e m e n ts
CL
n i n 2 n 3
n i n 2n 3 u 2/ a U2/ a u 3/ a
1  1 1 0 . 8 6 6 -0 .0 1 9 6 6 -0 .0 1 9 6 6 -0 .0 1 9 6 6
2  0 0 1 . 0 0 0 0 .0 2175 0 0
2  2 0 1 .4 1 4 -0 .0 0 3 3 3 -0 .0 0 3 3 3 0
3 1 1 1 .6 5 8 -0 .0 0 2 9 8 0 .0 0063 0 .0 0 0 6 3
2  2 2 1 .7 3 2 -0 .0 0 5 3 6 -0 .0 0 5 3 6 - 0 .0 0 5 3 6
4 0 0 2 . 0 0 0 0 .0 0 3 8 2 0 0
3 3 1 2.179 - 0 . 0 0 1 0 2 - 0 . 0 0 1 0 2 - 0 .0 0 0 4 3
4 2 0 2 .236 -0 .0 0 1 4 4 -0 .0 0 0 8 7 0
4 2 2 2 .4 5 0 -0 .0 0 1 6 6 -0 .0 0 0 4 4 -0 .0 0 0 4 4
5 1 1 2 .598 -0 .0 0 0 7 5 0 .00023 0 .0 0 0 2 3
3 3 3 2 .598 - 0 .0 0 1 6 8 - 0 .0 0 1 6 8 - 0 .0 0 1 6 8  a^ V-s
4 4 0 2 .8 2 8 - 0 .0 0 0 6 2 - 0 .0 0 0 6 2 0
5 3 1 2 .958 -0 .0 0 0 7 5 - 0 .0 0 0 3 7 -0 .0 0 0 1 4
6  0 0 3 .0 0 0 0 .0 0 0 4 2 0 0
4 4 2 3 .0 0 0 -0 .0 0 0 5 8 -0 .0 0 0 5 8 - 0 .0 0 0 2 5
The s e p a r a t i o n s  b e tw e e n  th e  d i s p l a c e d  atoms and th e  v a c a n c y ,  i n  th e
u n r e l a x e d  s t a t e ,  d , a r e  m easu red  i n  u n i t s  o f  a ,  t h e  l a t t i c e* n  n  n  *1 2 3
p a r a m e t e r .  The v a c a n c y  i s  s i t u a t e d  a t  th e  o r i g i n ,  and th e  l a t t i c e  
s i t e s  a r e  a t  ^  ( n ^ , n ^ ,  n 3) •
A
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T ab le  ( 3 .4 )  The d i s p l a c e m e n t s  a ro u n d  a  s i n g l e  v a c an c y  i n  t u n g s t e n
L a t t i c e s i t e s j
D is p la c e m e n ts
n l n 2 n 3
dn  n  n  1 2 3 u 2/ a u 2 / a u 3/ a
1 1 1 0 . 8 6 6 -0 .0 1 6 3 1 -0 .0 1 6 3 1 -0 .0 1 6 3 1
2 0 0 1 . 0 0 0 0 .02379 0 0
2 2
<
0 1 .414 -0 .0 0 2 8 3 - 0 .0 0 2 8 3 0
3 1 1 1 .658 - 0 . 0 0 1 0 2 0 .0 0 0 9 0 0 .0 0 0 9 0
2 2 2 1 .7 3 2 -0 .0 0 4 5 8 -0 .0 0 4 5 8 -0 .0 0 4 5 8
4 0 0 2 . 0 0 0 0 .00409 0 0
3 3 1 2 .179 -0 .0 0 0 8 5 -0 .0 0 0 8 5 -0 .0 0 0 3 4
4 2 0 2.236 -0 .0 0 0 7 4 -0 .0 0 0 5 3 0
4 2 2 2 .4 5 0 -0 .0 0 0 9 7 - 0 . 0 0 0 2 2 - 0 . 0 0 0 2 2
5 1 1 2 .5 9 8 0 .00003 0 .0 0 0 2 7O v\-/ 0 .0 0 0 2 7
3 3 3 2 .5 9 8 -0 .0 0 1 4 6 -0 .0 0 1 4 6 -0 .0 0 1 4 6
4 4 0 2 .8 2 8 -0 .0 0 0 4 5 -0 .0 0 0 4 5 0
5 3 1 2 .9 5 8 -0 .0 0 0 4 5 -0 .0 0 0 2 4 -0 .0 0 0 0 9
6 0 0 3 .0 0 0 0 .00065 0 0
4 4 2 3 .0 0 0 -0 .0 0 0 4 5 -0 .0 0 0 4 5 - 0 . 0 0 0 2 0
‘ C
The s e p a r a t i o n s  b e tw e e n  th e  d i s p l a c e d  atom s and th e  v a c a n c y ,  i n  th e
u n r e l a x e d  s t a t e ,  d , a r e  m easu red  i n  u n i t s  o f  a ,  t h e  l a t t i c e’ n  n  n  *1 2  3
p a r a m e t e r .  The v a c a n c y  i s  s i t u a t e d  a t  th e  o r i g i n ,  and th e  l a t t i c e  
s i t e s  a r e  a t  J  (n  , n ^ ,  n 3) .
f  . '
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T ab le  ( 3 .5 )  The. e f f e c t  o f  s t r a i n  on the  e n e rg y  o f  a  s i n g l e  v a c an c y
m  a - i r o n
U n i a x i a l  s t r a i n H y d r o s t a t i c  s t r a i n  
" U  3 7
v
a x i s
i
-3% +3%
[ 1 0 0 ] -15 0 -2 9
[ 1 1 0 ] -27 - 8
[ 1 1 1 ] -29 -1 3
L
The e n e r g i e s ,  w hich  a r e  i n  eV x 10“"^, g iv e  c o r r e c t i o n s  to  
th e  e n e rg y  o f  a  v a c a n c y  E^. For z e ro  s t r a i n ,  t h i s  e n e rg y
i s  2 .904  eV.
c
r
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•  •  « •  fc* VT ab le  ( 3 .6 )  The e f f e c t  o f  s t r a i n  on th e  b i n d i n g  e n e r g i e s  E o f  ---------------------------  15
d i v a c a n c i e s  i n  a - i r o n
U n i a x ia l  s t r a i n
d iv a c a n c y a x i s e = -3% £ = +3%
j tm] tm] -59 31
[110] 11 3
. [100] 55 -56
[100] [001] -17 17
[oil] -23 28
[oil] -23 28
[111] 21 -11
[100] -  5 3
[311] [001] 5 -  4
[oil] 18 -15
[oil] - 3 3
[111] 29 -22
H y d r o s t a t i c  s t r a i n
d iv a c a n c y AVV 3%
i  tm] -21
[100] 23
2 [311] 6
The e n e r g i e s , w h ich  a r e  i n  eV x 10 3 g iv e  th e  c o r r e c t i o n s  to
. 2V .th e  b i n d in g  e n e r g i e s  E o f  th e  t h r e e  d i v a c a n c i e s .  F o r  z e ro
15
s t r a i n ,  t h e s e  e n e r g i e s  a r e  0 .1 2 7 ,  0 .1 9 1  and 0 .0 4 7  eV r e s p e c t i v e l y .
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T a b le  ( 3 .7 )  The e f f e c t  o f  s t r a i n  on th e  m i g r a t i o n  e n e r g i e s  o f  
d i v a c a n c i e s  i n  a - i r o n
M ig r a t i o n
m echanism
Zero
s t r a i n
U n i a x ia l s t r a i n s H y d r o s t a t i c
s t r a i n[ l l l ] t [ m ] c [ o i l ] t [ o n ] c
[ 1 0 0 H  [311] 0 . 6 6 0 . 7 4 0 . 5 5 0 . 6 3 0 . 7 1 0 . 6 4
i [311]  -* [1 0 0 ] 0 . 5 2 0 . 5 8 0 . 4 2 0 . 4 6 0 . 5 7 0 . 4 8
[l00]-*-i [111] 0 . 7 8 0 . 8 5 0.66' 0 . 7 2 0 . 8 3 0 . 7 8
H i l l ]  [ l o o ] 0 . 7 2 0 . 8 0 0 . 5 8 0 . 6 3 0 . 7 9 0 . 6 7
The e n e r g i e s  f o r  th e  v a r i o u s  d iv a c a n c y  m i g r a t i o n  m echanism s a r e  i n  eV, 
and c o r r e s p o n d  to  c r y s t a l s  s u b j e c t e d  t o  3% u n i a x i a l  s t r a i n s  i n  t e n s i o n  
( t )  and c o m p re s s io n  ( c ) , and h y d r o s t a t i c  s t r a i n s  w hich  p ro d u c e  a  volum e 
change o f  3%.
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T ab le  ( 3 .8 )  D iv acan cy  b i n d in g  e n e r g i e s  i n  eV f o r  a - i r o n ,  molybdenum
and t u n g s t e n
P o t e n t i a l A u th o rs
D iv a c a n c ie s
i < l l l > <1 0 0 > < 1 1 0 > 1<311>
J o p r e s e n t  work 0 .1 3 0 .1 9 - 0 .0 3 0 .0 5
a -F e
J o BJ 0 .1 3 0 . 2 0 , - 0 . 0 3 0 .0 5
Mo
KH p r e s e n t  work 0 .1 6 0 .7 4 - 0 .0 8 0 .1 5
JW JW 0 . 0 2 0 .4 4 - 0 .0 6 -
W'
ST p r e s e n t  work 0 .2 7 0 .7 4 - 0 .0 9 0 .1 6
JW JW 0 .0 5 0 .4 2 - 0 .0 5 -
The Jo h nson  (1964) , Kenny and H eald  (1974) KH, S t a b e l l  and  Townsend
(1974) ST and Jo h nson  and W ilso n  (1972) JW p o t e n t i a l s  have  b een  u s e d  i n  
th e  p r e s e n t  work and by B e e le r  and J o h n s o n  (1967) BJ and  Jo h n s o n  and  
W ilson  (1972) JW.
CHAPTER 4
THE {112} TWIN BOUNDARIES AND THEIR INTERACTION WITH VACANCIES
4 .1  I n t r o d u c t i o n
I n t e r a c t i o n s  b e tw e en  p o i n t  d e f e c t s  and  i n t e r c r y s t a l l i n e  b o u n d a r i e s  
p l a y  an i m p o r t a n t  r o l e  i n  many t h e o r i e s  o f  t h e  s t r e n g t h  o f  m a t e r i a l s .
I n  p a r t i c u l a r ,  th e  f o r m a t i o n  o f  g r a i n  b o u n d a r i e s  p r e c i p i t a t e s ,  c a v i t i e s  
and denuded zones d e m o n s t r a te  th e s e  e f f e c t s  i n  a  s t r i k i n g  m anner 
(Chadwick and S m ith ,  1976) , and i t  i s  su ch  o b s e r v a t i o n s  t h a t  fo rm  th e  
b a s i s  f o r  th e  e x p e r i m e n t a l  s tu d y  o f  th e  i n t e r a c t i o n s  ( f o r  rev iew Ts , s e e  
G l e i t e r ,  1972; H i r t h ,  1 9 7 2 ) .  However, t h e  e x p e r im e n t s  can  o n ly  s u p p ly  
a l i m i t e d  amount o f  i n f o r m a t io n  on th e  m a g n i tu d e s  o f  th e  i n t e r a c t i o n  and 
b i n d i n g  e n e r g i e s  i n v o l v e d ,  and f u r t h e r m o r e ,  t h e  p ro b le m  can  n o t  be  
i n v e s t i g a t e d  a d e q u a t e ly  u s in g  e l a s t i c i t y  t h e o r y .  I t  seems a p p r o p r i a t e  
t h e r e f o r e  t o  c o n s i d e r  th e  i n f o r m a t i o n  w hich  c a n  be  o b t a i n e d  u s i n g  co m p u te r  
s i m u l a t i o n  t e c h n i q u e s .  F o r  th e  p u r p o s e s  o f  t h i s  t h e s i s ,  i t  was d e c id e d  to  
c o n c e n t r a t e  upon th e  s p e c i f i c  c a s e  o f  th e  i n t e r a c t i o n  o f  v a c a n c i e s  an d  tw in  
b o u n d a r i e s  i n  b . c . c .  m e t a l s ,  a s  a  f i r s t  s t e p  i n  a  more g e n e r a l  program me o f  
work i n  t h i s  f i e l d .  The r e s u l t s  a r e  p a r t i c u l a r l y  r e l e v a n t  to  s t u d i e s  o f  
d i f f u s i o n a l  c r e e p ,  where th e  a b s o r p t i o n  o f  v a c a n c i e s  by g r a i n  b o u n d a r i e s  
i s  a  r a t e  c o n t r o l l i n g  f a c t o r  (Ashby, 1 9 7 2 ) .
T w inning  i s  an im p o r t a n t  mode o f  d e f o r m a t io n  i n  many b . c . c .  t r a n s i t i o n  
m e t a l s ,  b e in g  f a v o u r e d  to  s l i p  a t  a low te m p e r a tu r e  and a  h ig h  s t r a i n  r a t e .
The tw in  b o u n d a r i e s  fo rm  on {112} p l a n e s ,  and a r e  a s s o c i a t e d  w i t h  a  homo­
geneous  s h e a r  i n  th e  <111 > d i r e c t i o n  ( K e l ly  and G ro v e s ,  1 9 7 0 ) .  U n t i l  
r e c e n t l y ,  th e  a s su m p t io n  was t h a t  th e  tw in s  s a t i s f i e d  t h e  c l a s s i c a l  o r i e n t a ­
t i o n  r e l a t i o n  o f  r e f l e c t i o n  i n  th e  i n t e r f a c e ,  and  t h a t  t h e  i n t e r f a c e  c o i n c i d e d
w i th  a p l a n e  o f  a to m s .  T hus ,  th e  b o u n d a r i e s  w ere  assum ed to  h a v e  t h e  
a to m ic  c o n f i g u r a t i o n  shown s c h e m a t i c a l l y  i n  F i g .  ( 4 . 1 a ) .  However, w h i l s t  
engaged  i n  a  com puter  s i m u l a t i o n  s tu d y  o f  th e  s t a b i l i t y  o f  m u l t i l a y e r  
s t a c k i n g  f a u l t s  i n  b . c . c .  m e t a l s ,  V i t e k  (1970) o b s e rv e d  t h a t  an  a l t e r n a t i v e  
bo u n d a ry  s t r u c t u r e  was p o s s i b l e ,  and t h i s  i s  shown f o r  c o m p a r iso n  i n  F i g .  
( 4 . 1 b ) .  I n  t h i s ,  th e  b o u n d a ry  c o n s i s t s  o f  a  l a y e r  o f  c e l l s  w h ic h  p r o j e c t ,  
as i n  F i g .  ( 4 . 1 b ) ,  a s  i s o s c e l e s  t r i a n g l e s .  The i n t e r f a c e  may t h e n  be 
c o n s id e r e d  to  l i e  mid-way b e tw e e n  p l a n e s  o f  a to m s ,  and th e  o r i e n t a t i o n  
r e l a t i o n  i s  r e f l e c t i o n  i n  t h e  ( 1 1 2 ) b o u n d a ry  p l u s  a  d i s p l a c e m e n t  o f  r ~  [ i l l ] .  
The s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  b o t h  t h e s e  ty p e s  o f  tw in  h av e  s i n c e  b e e n  
i n v e s t i g a t e d  i n  g r e a t  d e t a i l  u s i n g  com pu te r  s i m u l a t i o n  t e c h n i q u e s ,  by  
B r i s to w e  e t  a l .  (1974) and B r i s to w e  and C ro c k e r  (1 9 7 5 ) .  F o r  t h e  p r e s e n t  
p u r p o s e s ,  th e  two b o u n d a r i e s  w i l l  b e  r e f e r r e d  to  a s  ’r e f l e c t i o n 1 and 
’ i s o s c e l e s ’ tw ins  r e s p e c t i v e l y .
On a  h a r d  s p h e re  m odel ,  a  l o c a l i z e d  e x p a n s io n  a t  t h e  i n t e r f a c e  i s  
r e q u i r e d  to  accommodate b o th  t h e  r e f l e c t i o n  and i s o s c e l e s  tw in  b o u n d a r i e s ,  
and i n  t h e  c o r r e s p o n d in g  com puter  m o d e ls ,  i f  c o n s t a n t  volume i s  a s su m e d ,  
t h i s  r e s u l t s  i n  l o n g - r a n g e  c o m p re s s iv e  s t r a i n s  p e r p e n d i c u l a r  to  t h e  i n t e r ­
f a c i a l  p l a n e .  The e f f e c t  o f  e l i m i n a t i n g  t h e s e  s t r a i n s  on th e  tw in  b o u n d a ry  
e n e r g i e s  h a s  b e e n  s t u d i e d  by B r i s to w e  and C ro c k e r  (1 9 7 5 ) .  They showed t h a t  
th e  r e l a t i v e  b o u n d a ry  e n e r g i e s  o f  th e  r e f l e c t i o n  and i s o s c e l e s  tw in s  c o u ld  
be changed  d r a m a t i c a l l y  i n  t h i s  way. U s in g  th e  e q u i l i b r i u m  J Q p o t e n t i a l  
( s e e  C h a p te r  2) f o r  i r o n ,  th e  e n e r g i e s  o f  th e  two b o u n d a r i e s  when f u l l y  
r e l a x e d  w ere  found  to  b e  a lm o s t  i d e n t i c a l ,  264 and 266 mJm- 2  r e s p e c t i v e l y ,  
so t h a t  b o th  ty p e s  a r e  l i k e l y  to  a r i s e  i n  p r a c t i c e .  F o r  molybdenum and 
t u n g s t e n ,  u s in g  th e  KH and ST p o t e n t i a l s  d e s c r i b e d  i n  C h a p te r  2 ,  t h e  r e l a x e d  
r e f l e c t i o n  b o u n d a ry  i s  f a v o u r e d .  I n  t h e s e  two c a s e s ,  t h e  p o t e n t i a l s  c o n t a i n
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a volum e d e p e n d e n t  te rm  and th e  b o u n d a ry  e n e r g i e s  a r e  s e n s i t i v e  to  
volume changes  p ro d u c e d  by th e  d e f e c t .
I n  t h i s  c h a p t e r ,  t h e  i n t e r a c t i o n  e n e r g i e s  o f  v a c a n c i e s  and i m p o r t a n t  
d i v a c a n c i e s ,  i n  v a r i o u s  c r y s t a l l o g r a p h i c a l l y - d i s t i n c t  o r i e n t a t i o n s ,  w i th  
b o th  r e f l e c t i o n  and i s o s c e l e s  tw in  b o u n d a r i e s  i n  a - i r o n  h av e  b e e n  s t u d i e d .  
S e p a r a t i o n s  be tw een  th e  v a c a n c y  o r  d iv a c a n c y  and th e  tw in  b o u n d a ry  o f  up to  
f i v e  {1 1 2 } i n t e r p l a n a r  s p a c i n g s , when th e  i n t e r a c t i o n s  become n e g l i g i b l e ,  
have  b e e n  a l l o w e d .  F o r  th e  s i n g l e  v a c a n c y ,  r e s u l t s  have  b e e n  o b t a i n e d  f o r  
t h r e e  m odels  i n  w hich  t h e r e  i s  no  volume c h a n g e ,  th e  c r i t i c a l  volum e change 
to  g iv e  no  lo n g - r a n g e  s t r a i n s ,  and a s e r i e s  o f  shape  ch an g es  s i m u l a t i n g  a 
u n i a x i a l  s t r e s s  norm al t o  th e  tw in  b o u n d a ry .  F o r  th e  d i v a c a n c y ,  o n ly  th e  
f i r s t  o f  t h e s e  c a s e s  h a s  b e e n  c o n s id e r e d  i n  d e t a i l .  I n  a d d i t i o n ,  th e  
m i g r a t i o n  e n e r g i e s  o f  s i n g l e  v a c a n c i e s  n e a r  b o t h  ty p e s  o f  b o u n d a ry  h a v e  
b e e n  i n v e s t i g a t e d  . in  th e  e = 0 m ode l .  These r e s u l t s  a r e  p r e s e n t e d  i n  §4 .3  
o f  t h i s  c h a p t e r ,  and a r e  d i s c u s s e d  and com pared w i t h  s e l e c t e d  r e s u l t s  
o b t a i n e d  u s in g  th e  KH molybdenum and ST t u n g s t e n  p o t e n t i a l s  i n  § 4 .4 .
4 .2  The S im u la t io n  P ro c e d u re
The m odel c r y s t a l s  u se d  i n  t h e  c a l c u l a t i o n s  c o n s i s t e d  o f  r e c t a n g u l a r  
b lo c k s  o f  atoms w i t h  ( 1 1 0 ) ,  (111) and (112) f a c e s .  A (112) tw in  b o u n d a ry  
can  r e a d i l y  be  i n t r o d u c e d  i n t o  t h e s e  m o d e ls ,  w i t h o u t  e s s e n t i a l l y  a l t e r i n g  
t h e i r  s h a p e ,  a s  th e  p l a n e s  i n  th e  p a r e n t  c r y s t a l  a r e  p a r a l l e l  to  t h e i r  
c o u n t e r p a r t s  i n  t h e  tw in .  The c r y s t a l s  n o r m a l ly  c o n ta i n e d  8 (1 1 0 )  p l a n e s ,  
33(111) p l a n e s ,  and e i t h e r  25 o r  24 (112) p l a n e s ,  d e p e n d in g  on w h e th e r  a  
r e f l e c t i o n  o r  i s o s c e l e s  tw in  b o u n d a ry  was b e in g  s i m u l a t e d .  The b o u n d a ry  
and th e  v a c a n c i e s  w ere  l o c a t e d  as  c l o s e  as  p o s s i b l e  to  t h e  c e n t r e  o f  th e  
m o d e l .  R ig id  b o u n d a ry  c o n d i t i o n s  w ere  im posed  on th e  (112) f a c e s  and
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p e r i o d i c  b o u n d a ry  c o n d i t i o n s  on th e  (110) and (111) f a c e s .  T h is  means 
t h a t  s t r i c t l y ,  th e  r e s u l t s  a r e  f o r  i n t e r a c t i o n s  be tw een  a  tw in  b o u n d a ry  
and a r e c t a n g u l a r  a r r a y  o f  v a c a n c i e s  o r  d i v a c a n c i e s .  How ever, f o r  th e  
m odel s i z e s  u s e d ,  t e s t s  showed t h a t  i n t e r a c t i o n s  b e tw e e n  v a c a n c i e s  o r  
d i v a c a n c i e s  i n  th e  a r r a y  w ere  n e g l i g i b l e .
I n  th e  s i m p l e s t  s i m u l a t i o n s ,  no  volume change was a l lo w e d  t o  accom­
pany th e  c r e a t i o n  o f  t h e  d e f e c t s .  I n  a  se co n d  s e t  o f  c a l c u l a t i o n s ,  n o rm a l  
d i s p l a c e m e n ts  o f  t h e  o u t e r  ( 1 1 2 ) f a c e s  w h ich  e x a c t l y  c o m p en sa ted  f o r  th e  
volume change  a s s o c i a t e d  w i t h  t h e  i n t r o d u c t i o n  o f  th e  tw in  b o u n d a ry  ( B r i s to w e  
and C r o c k e r ,  1975) w ere  im posed . F i n a l l y ,  d i s p l a c e m e n ts  o f  a l l  s i x  s u r f a c e s  
w ere  made i n  o r d e r  to  i n v e s t i g a t e  th e  e f f e c t s  o f  u n i a x i a l  s t r e s s e s  i n  t h e  
[112] d i r e c t i o n .  These d i s p l a c e m e n ts  w ere  c a l c u l a t e d  u s i n g  th e  a n i s o t r o p i c  
e l a s t i c  c o n s t a n t s  c o n s i s t e n t  w i t h  t h e  i n t e r a t o m i c  p o t e n t i a l  b e i n g  u s e d ,  and 
i n  t h e  r i g i d  b o u n d a r i e s ,  th e  atoms w ere  h e l d  i n  t h e  c o r r e s p o n d in g  e l a s t i c a l l y  
s t r a i n e d  p o s i t i o n s .
The p r o c e d u r e  u s e d  t o  s i m u l a t e  th e  m i g r a t i o n  o f  s i n g l e  v a c a n c i e s  n e a r  
th e  tw in  b o u n d a r i e s  i s  th e  same as t h a t  o u t l i n e d  i n  th e  p r e v i o u s  c h a p t e r .
I n  t h e  p r e s e n t  c a s e ,  t h e  m i g r a t i o n  p a t h s  w ere  d e te r m in e d  u s i n g  p u r e l y  geome­
t r i c a l  c o n s i d e r a t i o n s  from  th e  r e l a x e d  tw in  b o u n d a ry  c o n f i g u r a t i o n s .
4 .3  R e s u l t s
I n  t h i s  s e c t i o n ,  th e  i n t e r a c t i o n s  b e tw e e n  v a c a n c i e s  o r  d i v a c a n c i e s  and 
tw in  b o u n d a r i e s  i n  i r o n  ( J Q) w i l l  be  exam ined . T h is  i n v o lv e s  t h e  c o m p u ta t io n  
and a l g e b r a i c  d e r i v a t i o n  o f  v a r i o u s  e n e r g i e s  and  f o r  c o n v e n ie n c e , t h e  d e f i n i -  
t i o n s  o f  t h e s e  a r e  summ arized i n  T ab le  ( 4 . 1 ) .  The e n e rg y  E a s s o c i a t e d  w i t h  
a  tw in  b o u n d a ry  i n  a  c r y s t a l  i s  g iv e n  by
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ET = EP+T -  EP , ( 4 .1 )
P P+Twhere E and E a r e  th e  e n e rg y  o f  a p e r f e c t  c r y s t a l ,  and o f  th e  
same c r y s t a l  c o n t a i n i n g  a  tw in  b o u n d a ry  r e s p e c t i v e l y .
4 . 3 . 1  Vacancy-Tw in Boundary  I n t e r a c t i o n s
D e f in in g  th e  e n e rg y  a s s o c i a t e d  w i th  a  v a c a n c y  E ^ , as
EV = EP+V -  EP , ( 4 .2 )
P+V .(C h a p te r  3 ) ,  w here  E i s  t h e  e n e rg y  o f  th e  c r y s t a l  c o n t a i n i n g  th e
TVv a c a n c y ,  t h e  i n t e r a c t i o n  e n e rg y  E^ b e tw een  a tw in  b o u n d a ry  and a 
v a c an c y  i s  g iv e n  by
e TV J.P+T+V _ EP _ e T _ EV
= EP+T+V + EP -  EP+T -  EP+V ’
( 4 .3 )
P+T+VE b e in g  th e  e n e rg y  o f  th e  c r y s t a l  c o n t a i n i n g  b o th  t h e  tw in  b o u n d a ry
TVand th e  v a c a n c y .  T h e r e f o r e  m  o r d e r  to  d e te r m in e  E^ , w h ich  i s  i n d e p e n ­
d e n t  o f  b o th  t h e  volume o f  t h e  c r y s t a l  and th e  a r e a  o f  th e  tw in  b o u n d a ry ,
. . .  . -| „P  t7E+T r-P+V j  „P+T+V . r .i t  i s  n e c e s s a r y  to  e v a l u a t e  E . ,  E , E and E m  f o u r  s e p a r a t e
c r y s t a l  s i m u l a t i o n s .  T h is  h a s  b e e n  done f o r  b o th  th e  r e f l e c t i o n  and  th e
i s o s c e l e s  ty p e s  o f  tw in  b o u n d a ry  i n  m odels  r e p r e s e n t i n g  i r o n .  I n  t h e  f i r s t
i n s t a n c e  no volume change  was a l lo w e d  i n  any o f  th e  c a l c u l a t i o n s .  The
r e s u l t s ,  l a b e l l e d  AV = 0 ,  a r e  p r e s e n t e d  i n  T ab le  ( 4 .2 )  f o r  v a c a n c i e s  l o c a t e d
up to  f i v e  (112) i n t e r p l a n a r  s p a c in g s  from  th e  b o u n d a r i e s . The i n t e g e r s  n
u se d  to  d e s c r i b e  th e  d i f f e r e n t  v a c a n c y  l o c a t i o n s  i n  t h i s  t a b l e  a r e  d e f i n e d
TVi n  F i g .  ( 4 . 1 ) .  These  r e s u l t s  f o r  E .^ a r e  a l s o  p r e s e n t e d  g r a p h i c a l l y  i n  
F i g .  ( 4 . 2 ) .  They d e m o n s t r a te  t h a t  f o r  s m a l l  s e p a r a t i o n s  b e tw e e n  a  tw in
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b o u n d a ry  and a v a c an c y  t h e r e  a r e  s i g n i f i c a n t  a t t r a c t i v e  i n t e r a c t i o n s  
be tw een  th e  d e f e c t s .  The maximum b i n d i n g  e n e r g i e s  a r e  0 .1 5  eV and 
0 .1 9  eV r e s p e c t i v e l y  f o r  th e  r e f l e c t i o n  and i s o s c e l e s  t w i n s ,  and t h e s e  
a r i s e  when th e  v a c a n c y  i s  l o c a t e d  a d j a c e n t  t o ,  b u t  n o t  i n ,  t h e  b o u n d a r i e s  .
The i n t e r a c t i o n s  a r e  n e g l i g i b l e  f o r  s e p a r a t i o n s  g r e a t e r  th a n  two i n t e r -  
p l a n a r  s p a c i n g s .
The above  c a l c u l a t i o n s  do n o t  t a k e  i n t o  a c c o u n t  t h e  volum e c h a n g e s
t h a t  a r e  known t o  o c c u r  when tw in  b o u n d a r i e s  a r e  i n t r o d u c e d  i n t o  t h e  m odel
c r y s t a l s .  F o r  th e  r e f l e c t i o n  and i s o s c e l e s  b o u n d a r i e s  i n  i r o n ,  i t  h a s  b e e n
shown by B r i s to w e  and C ro c k e r  (1975) t h a t  lo n g  ra n g e  s t r a i n s  a r e  f u l l y
r e l a x e d  when th e  o u t e r  (112) b o u n d a r i e s  a r e  d i s p l a c e d .o u tw a rd s  by  90 x lO ” 1*
[112] and  41 x 10_lf [112] r e s p e c t i v e l y .  The s e t s  o f  e n e r g i e s  and
P+T+VE were t h e r e f o r e  r e - e v a l u a t e d  u s in g  m odels  i n c o r p o r a t i n g  t h e s e  b o u n d a ry
TVd i s p l a c e m e n t s .  The r e s u l t i n g  i n t e r a c t i o n  e n e r g i e s  E^ f o r  z e ro  lo n g  r a n g e  
s t r a i n s ,  e = 0 ,  a r e  a g a in  g iv e n  i n  T a b le  ( 4 . 2 ) .  They do n o t  d i f f e r  a p p r e ­
c i a b l y  from  th e  AV = 0 r e s u l t s ,  t h e  maximum b i n d i n g  e n e r g i e s  f o r  t h e  r e f l e c ­
t i o n  and i s o s c e l e s  b o u n d a r i e s  now b e in g  0 .1 3  eV and 0 .1 9  eV r e s p e c t i v e l y .
P P+VThe same v a lu e s  o f  E and E have  b e e n  u s e d  i n  b o t h  the  AV = 0 and  th e
P+V ;e -  0 c a l c u l a t i o n s .  S t r i c t l y  th e  E r e s u l t s  c o r r e s p o n d in g  t o  an  u n s t r a i n e d
c r y s t a l  s h o u ld  n o t  have  b e e n  u se d  i n  t h e  AV = 0 c a s e ,  as  t h e  c r y s t a l s  a r e
e f f e c t i v e l y  i n  c o m p re s s io n  due to  t h e  l o c a l  volume i n c r e a s e  a s s o c i a t e d  w i t h  .
t h e  tw in  b o u n d a ry .  A l s o ,  a l t h o u g h  t h e s e  c r y s t a l s  a r e  co m p ressed  a l o n g  [ 1 1 2 ] ,
no c o r r e s p o n d in g  e x p a n s io n  h a s  b e e n  a l lo w e d  i n  t h e  (112) p l a n e .  T h u s ,  t h e
AV = 0 r e s u l t s  a r e  s u b j e c t  t o  s e v e r a l  m inor  e r r o r s  a r i s i n g  from  th e  m odel
u s e d .  In  a d d i t i o n ,  i n  b o t h  th e  AV = 0 and e = 0 r e s u l t s ,  no  a l l o w a n c e  h a s  
P+V P+T+Vb e e n  made i n  th e  E and  E c a l c u l a t i o n s  f o r  t h e  volume change  a r i s i n g
. TVfrom  th e  i n t r o d u c t i o n  o f  t h e  v a c a n c y .  However, i n  e v a l u a t i n g  E ,^ t h e s e  e r r o r s
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w i l l  e f f e c t i v e l y  c a n c e l .  Thus th e  e = 0 r e s u l t s  a r e  a  v e r y  c l o s e
TVa p p ro x im a t io n  to  f o r  a  f u l l y  r e l a x e d  c r y s t a l .
C a l c u l a t i o n s  have  a l s o  b e e n  p e r fo rm e d  f o r  m odel c r y s t a l s  s u b j e c t e d
to  u n i a x i a l  s t r e s s e s  norm al t o  th e  tw in  b o u n d a ry .  In  p r a c t i c e ,  t h e s e
s t r e s s e s  a r e  e f f e c t e d  by a p p ly i n g  s t r a i n s  o f  m ag n i tu d e  e i n  t h e  [ 1 1 2 ]
d i r e c t i o n  to  th e  f u l l y  r e l a x e d  e = 0  s t r u c t u r e s  d i s c u s s e d  a b o v e ,  a lo n g
w i th  c o m p e n s a t in g  s t r a i n s  o f  m a g n i tu d e s  -  §- and  -  %■ i n  th e  [ i l l ]  and [ l l o ]b 3
P+T+V P+T P+V Pd i r e c t i o n s .  F o r  e a c h  v a lu e  o f  e , E , E , E and E had  to  be
d e te r m in e d .  The r e s u l t s  show t h a t  th e  maximum b i n d i n g  e n e rg y  b e tw e e n  a
v a c an c y  and a tw in  b o u n d a ry  i s  i n c r e a s e d  b y  c o m p re s s iv e  s t r e s s e s ,  and
d e c r e a s e d  by  t e n s i l e  s t r e s s e s  a p p l i e d  n o rm a l  to  th e  b o u n d a ry  f o r  b o t h  th e
r e f l e c t i o n  and i s o s c e l e s  t y p e s .  As shown i n  F i g .  ( 4 . 3 ) ,  w here  t h e  r e s u l t s
a r e  sum m arised  f o r  -  0 .0 3  < e < + 0 . 0 3 ,  t h e  v a r i a t i o n  i s  more m arked  f o r
th e  r e f l e c t i o n  b o u n d a ry ,  w hich  a t  e = 0  h a s  t h e  s m a l l e r  b i n d i n g  e n e r g y .
In d ee d  f o r  t h i s  b o u n d a ry ,  th e  i n t e r a c t i o n  v a r i e s  by a f a c t o r  o f  5 b e tw e e n
e = + 0 .0 3  and  -  0 . 0 3 .
A lso  shown i n  F i g .  ( 4 .3 )  i s  th e  a p p ro x im a te  c u rv e  f o r  t h e  r e f l e c t i o n  
tw in  w h ich  a r i s e s  i f  th e  v a r i a t i o n  o f  E^ w i th  e i s  i g n o r e d .  The c o r r e c t i o n  
i s  n e g l i g i b l e  f o r  s m a l l  p o s i t i v e  s t r a i n s ,  b u t  r e a c h e s  0 .0 3  eV a t  e = -  0 . 0 3 .  
F o r  l a r g e r  s t r a i n s  th a n  th o s e  g iv e n  i n  F i g .  ( 4 .3 )  s t r u c t u r a l  t r a n s f o r m a t i o n s  
o c c u r r e d  i n  th e  m odel c r y s t a l s ,  and t h e s e  a r e  d i s c u s s e d  b r i e f l y  i n  §4 . 4 .
4 . 3 . 2  D iv acan cy  Tw in-Boundary I n t e r a c t i o n s
I n t e r a c t i o n s  b e tw e e n  d i v a c a n c i e s  and tw in  b o u n d a r i e s  w i l l  now be  
c o n s id e r e d .  The e n e rg y  a s s o c i a t e d  w i th  a  d iv a c a n c y  i n  a  c r y s t a l  i s  g i v e n  
by (C h a p te r  3)
cr
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e 2V = eP+2 V _ e P ( (4<4)
P+2V . . .w here  E i s  th e  e n e rg y  o f  th e  c r y s t a l  c o n t a i n i n g  th e  d iv a c a n c y .  The
T2Vi n t e r a c t i o n  e n e rg y  E^ b e tw e e n  a tw in  b o u n d a ry  and a d iv a c a n c y  i s  t h e r e f o r e  
e T2V _ J.P+T+2V _ EP _ e T _ e 2V f (4>5)
P+T+2Vw i th  E a s  t h e  e n e rg y  o f  th e  c r y s t a l  c o n t a i n i n g  b o t h  t h e  tw in  b o u n d a ry
T2V P+2Vand th e  d i v a c a n c y .  Thus, i n  o r d e r  t o  d e te r m in e  E^ , v a l u e s  o f  E and
P+T+2V . . . T PE h av e  t o  be  c a l c u l a t e d  m  a d d i t i o n  to  E and E , w h ich  a r e  a l r e a d y
known.
Two ty p e s  o f  p e r f e c t  d iv a c a n c y ,  I  th e  n e a r e s t  n e ig h b o u r  { <111> and 
I I  th e  seco n d  n e a r e s t  n e ig h b o u r  <100>, a r e  o f  i n t e r e s t  and t h e s e  h a v e  t h r e e  
and two p o s s i b l e  o r i e n t a t i o n s  r e s p e c t i v e l y  r e l a t i v e  to  th e  tw in  b o u n d a ry .
These f i v e  c a s e s  l a b e l l e d  l a ,  l b ,  I c  and  I l a ,  l i b  a r e  i l l u s t r a t e d  i n  F i g .  
( 4 . 4 a ) .  The g e o m e t r ic  c e n t r e s  o f  l a ,  lb  and  I l a  l i e  on a (112) p l a n e  and  
th u s  t h e i r  d i s t a n c e  from  th e  tw in  b o u n d a ry  may be  d e f i n e d  b y  th e  i n t e g e r s  n  
o f  F i g .  ( 4 . 1 ) .  F o r  I c  and  l i b ,  th e  c e n t r e s  l i e  m id-way b e tw e e n  a d j a c e n t  
(112) p l a n e s  so  t h a t  th e  l o c a t i o n s  a r e  g iv e n  b y  n  + | .  I n  a d d i t i o n  t o  
p e r f e c t  d i v a c a n c i e s ,  o t h e r  p a i r s  o f  v a c a n c i e s , l y i n g  a c r o s s  t h e  tw in  b o u n d a r y ,
and n o t  s e p a r a t e d  by a l a t t i c e  v e c t o r  can  a r i s e .  Three  o f  t h e s e  i m p e r f e c t
1 1  1  —d i v a c a n c i e s ,  d e f i n e d  by  th e  v e c t o r s  y  [ 1 1 2 ] ,  -jy [557] and y y  [ 1 1 , 1 , 1 ] ,  h a v e
l e n g t h s  l e s s  th a n  <100> and w i l l  t h e r e f o r e  be  c o n s id e r e d  h e r e .  They a r e
i l l u s t r a t e d  i n  F i g .  ( 4 .4 )  w here th e y  a r e  l a b e l l e d  I l i a ,  I l l b  and  I I I c .
B ecause  th e  i m p e r f e c t  d i v a c a n c i e s  c a n n o t  be  s e p a r a t e d  f rom  th e  tw in
2Vb o u n d a ry ,  i t  i s  n o t  p o s s i b l e  to  d e te r m in e  th e  c o r r e s p o n d in g  v a l u e s  o f  E 
T2Vand h e n c e  o f  E^ . A lso  th e  two ty p e s  o f  p e r f e c t  d iv a c a n c y  h av e  d i f f e r e n t
2V . T2Vv a l u e s  o f  E . T hus ,  e v e n  m  t h e s e  c a s e s ,  know ledge o f  E does  n o t  e n a b l e
tr
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the r e la t iv e  s t a b i l i t y  o f the d ivacancies to be examined d ir e c t ly .  This
d i f f ic u l t y  can be'overcome by using the 'combined’ in te r a c tio n  energy
V V
_C _T2V ^ _ 1 2
E^ = E^ j. + E .^ ( 4 . 6 )
V.V.V  V
1 2 . . .w here  E .^ i s  th e  i n t e r a c t i o n  e n e r g y ,  o f  th e  two v a c a n c i e s  fo rm in g  t h e
d iv a c a n c y ,  and i s  g iv e n  by
V V1 2 2V V E j 1 = EZV -  2E ( A .7)
( s e e  C h a p te r  3 ) .  Thus
Ec = EP+T+ 2 V _ EP+T _ 2EV s (4<8)
. TV T2V .and l i k e  E^ and E^ , i s  i n d e p e n d e n t  o f  th e  volume o f  t h e  c r y s t a l  and
th e  a r e a  o f  th e  tw in  b o u n d a ry .  The m ost  s t a b l e  c o n f i g u r a t i o n s  f o r  th e
d iv a c a n c y  and tw in  b o u n d a ry  w i l l  be  th o s e  w i t h  th e  l a r g e s t  n e g a t i v e  v a l u e s
o f  E^.
The d iv a c a n c y  r e s u l t s  o f  T a b le  ( 4 .3 )  a r e  f o r  a  model w h ic h  a l l o w s  no
volume change (AV = 0) to  be  a s s o c i a t e d  w i t h  th e  i n t r o d u c t i o n  o f  t h e  tw in
b o u n d a ry .  The c o r r e s p o n d in g  r e s u l t s  f o r  a  b o u n d a ry  w i t h  no lo n g  r a n g e  s t r a i n s ,
(e = 0) c o u ld  a l s o  o f  c o u r s e  be  d e te r m i n e d .  However, i n  t h e  c a s e  o f  t h e  s i n g l e
v a c an c y  d i s c u s s e d  above i t  was found  t h a t  th e  AV = 0 and e = 0 r e s u l t s  w ere
v e ry  s i m i l a r  and t h e r e f o r e  t h i s  e x e r c i s e  was n o t  c o n s id e r e d  w o r t h w h i l e .
N e v e r t h e l e s s ,  i t  i s  p o s s i b l e  to  deduce  a p p ro x im a te  v a lu e s  o f  E^ f o r  t h e  z  = 0
c a s e ,  and in d e e d  f o r  th e  c a s e  o f  c r y s t a l s  s u b j e c t e d  t o  s t r a i n s  o f  m a g n i tu d e  z
i n  th e  [112] d i r e c t i o n ,  from  th e  s i n g l e  v a c a n c y  r e s u l t s  o f  T a b le  ( 4 . 2 )  and
T2VF i g .  ( 4 . 3 ) .  Thus i f  th e  i n t e r a c t i o n  e n e rg y  E,, ‘ i s  r e s o l v e d  i n t o  t h r e e  
. T V  TV2  L
com ponents  E^ and E^ , w h ich  a r e  th e  i n t e r a c t i o n  e n e r g i e s  b e tw e e n  t h e
i n d i v i d u a l  v a c a n c i e s  fo rm in g  th e  d iv a c a n c y  and th e  tw in  b o u n d a ry ,  and 
OT1V2 . .E j  w hich  i s  th e  t h r e e - b o d y  te rm  to  a c c o u n t  f o r  th e  m u tu a l  i n t e r a c t i o n
Cb e tw e en  th e  d e f e c t s ,  th e  e x p r e s s i o n  f o r  E^ ( 4 .6 )  becomes
n . ™iv2 V 2
E j  -  Ej. + E j  + E j  + X * ( 4 .9 )
OT1 V 2  V1 V 2  . e CI f  E .^ + E^ i s  assum ed to  be  c o n s t a n t ,  E ^ , th e  com bined  i n t e r a c t i o n
i n  th e  s t r a i n e d  c r y s t a l ,  i s  t h e n  g iv e n  by
TV TV TV TV
eE j  = + ^ E j .  1 -  Ej. J ) + ^ E j .  2 -  E j  2 ) . (4 .1 0 )
F or t h e  two m ost s t a b l e  d i v a c a n c i e s  th e  v a c a n c i e s  a l l  l i e  i n  p l a n e s  a d j a c e n t
. . . e TVto  th e  tw in  b o u n d a ry ,  and th e  i n t e r a c t i o n  e n e r g i e s  E^ a r e  t h e n  g iv e n  by
e Cth e  c u rv e s  o f  F i g .  ( 4 . 3 ) .  Here t h e  a p p ro x im a te  v a lu e s  o f  E^ may be  
o b t a i n e d ,  f rom  E q u a t io n  ( 4 . 1 0 ) ,  f o r  th e  ty p e  I l i a  d iv a c a n c y  n e a r  t h e  r e f l e c ­
t i o n  b o u n d a ry  and th e  type  I a ( n  = 2 ) d iv a c a n c y  n e a r  th e  i s o s c e l e s  b o u n d a ry .
XVjVg
However, a l t h o u g h  ch an g es  i n  t h e  m a g n i tu d e  o f  E_ a r e  l i k e l y  to  b e  n e g l i -
V V 
1 2
g i b l e ,  E j  c a n ,  a s  shown i n  t h e  p r e v i o u s  c h a p t e r ,  be  v e r y  s e n s i t i v e  t o  
a p p l i e d  s t r e s s e s ,  and so th e  a s su m p t io n s  made i n  E q u a t io n  ( 4 .1 0 )  w i l l  i n
j ^
g e n e r a l  n o t  be v a l i d .
4 . 3 . 3  Vacancy M ig r a t i o n  a t  Twin B o u n d a r ie s
T h e . c a l c u l a t i o n  o f  t h e  e n e rg y  b a r r i e r  f o r  v a c a n c y  m i g r a t i o n  n e a r  a
tw in  b o u n d a ry  f o l lo w s  d i r e c t l y  from  th e  m ethod o u t l i n e d  i n  C h a p te r  3 f o r
th e  s i n g l e  c r y s t a l ,  th e  o n ly  d i f f e r e n c e  b e in g  t h a t  i n  t h i s  c a s e ,  t h e  r e f e r e n c e
P+T+V
z e ro  o f  e n e rg y  i s  t a k e n  to  be  E . Hence th e  e n e rg y  b a r r i e r  a t  t h e  p o s i t i o n
w here th e  m i g r a t i o n  v a c a n c y  i s  d i s p l a c e d  b y  t h e  v e c t o r  s from  a  l a t t i c e  s i t e
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a t  s n can  be  w r i t t e n  as
E,P+T+V P+T+V ( 4 .1 1 )
TVThe m i g r a t i o n  e n e rg y  (E^ ) i s  th e n  th e  maximum v a lu e  o f  t h i s  e x p r e s s i o n .
I n  C h a p te r  3 ,  i t  was shown t h a t  v a c a n c y  m i g r a t i o n  o c c u r s  by means 
of  n e a r e s t  n e ig h b o u r  a to m ic  jumps i n  b . c . c . m e t a l s , and t h a t  f o r  an 
u n s t r e s s e d  model o f  a - i r o n ,  th e  m i g r a t i o n  e n e rg y  i s  0 .6 8  eV. I t  w ould  
th u s  a p p e a r ,  when com paring  t h i s  e n e rg y  w i t h  th e  b in d in g  e n e r g i e s  o f  
v a c a n c i e s  t o  tw in  b o u n d a r i e s ,  t h a t  t h e  i n t e r a c t i o n s  a r e  r e l a t i v e l y  
u n i m p o r ta n t .  However, th e  com puter  e x p e r im e n t s  have  shown t h a t  t h e  
p r e s e n c e  of - th e  b o u n d a r i e s  c an  have  a  v e r y  m arked e f f e c t  on t h e  m i g r a t i o n  
c h a r a c t e r i s t i c s .
In  o r d e r  to  c l a s s i f y  t h e  v a r i o u s  d i f f e r e n t  m i g r a t i o n  p a t h s  w h ich  
w ere  c o n s i d e r e d ,  t h e  same scheme as  t h a t  u s e d  f o r  t h e  d i v a c a n c i e s ,  shown 
in  F i g .  ( 4 . 4 ) ,  h a s  b e e n  a d o p te d .  Hence l a ,  l b  and I c  d e n o te  th e  c r y s t a l -  
l o g r a p h i c a l l y  d i s t i n c t  p a t h s  r e l a t i v e  t o  t h e  tw in  b o u n d a r i e s  i n v o l v i n g  
n e a r e s t  n e ig h b o u r  a to m ic  ju m p s ,  so t h a t  f o r  exam ple  I b ( 3  1 ) i n d i c a t e s  
th e  lb  ty p e  jump from  p la n e  n  = 3 t o  p l a n e  n  *= 1 . S i m i l a r l y  I l i a ,  I l l b  
and I I I c  c o r r e s p o n d  to  th e  s p e c i a l  p s e u d o - n e a r e s t  n e ig h b o u r  jumps b e tw e e n  
a to m ic  p o s i t i o n s  w i t h i n  t h e  b o u n d a r i e s ,  w h ich  w ere  a l s o  i n v e s t i g a t e d .  W ith  
two e x c e p t i o n s ,  t h e  p a t h s  f o l lo w e d  d u r in g  th e  m i g r a t i o n  s e q u e n c e  w e re  t h o s e  
d i r e c t e d  a lo n g  th e  s t r a i g h t  l i n e s  j o i n i n g  th e  two a d j a c e n t  l a t t i c e  p o s i t i o n s .  
The e x c e p t i o n s ,  th e  I I I a ( l  -»■ - 1 )  and I I I b ( 2  -1 )  ju m p s ,  h a d  b e n t  p a t h s ,  
s i n c e  s t r a i g h t  l i n e s  j o i n i n g  th e  l a t t i c e  p o s i t i o n s  i n  q u e s t i o n  w ould  c l e a r l y  
n o t  g iv e  r i s e  to  low m ig ra . t io n  e n e rg y  b a r r i e r s .  I n  b o th  c a s e s , '  t h e  m i g r a t i n g
atom was d irected  through the centre of the rectangular arrangement of
atoms on the (112) plane being traversed (see  F ig . ( 4 .4 ) ) .
J u s t  a s  w i t h  th e  d iv a c a n c y  i n t e r a c t i o n s  d i s c u s s e d  i n  § 4 . 3 . 2 ,  o n ly  
one m odel was u s e d  i n  t h e  v a c a n c y  m i g r a t i o n  c a l c u l a t i o n s .  I n  t h e  p r e s e n t  
c a se  ho w ev er ,  t h i s  was th e  e = 0 m o d e l ,  r a t h e r  th a n  th e  AV = 0 m odel u s e d  
p r e v i o u s l y ,  and t h e r e f o r e  th e  r e s u l t s  do n o t  r e q u i r e  c o r r e c t i o n s  t o  e l i m i ­
n a t e  t h e  e f f e c t s  o f  th e  l o n g - r a n g e  b o u n d a ry  s t r a i n  f i e l d s .  F i g s .  ( 4 .5 )  and 
( 4 .6 )  sum m arize t h e  r e s u l t s  o b t a i n e d ,  and show th e  fo rm  o f  t h e  e n e r g y  b a r r i e r s
f o r  th e  d i f f e r e n t  m i g r a t i o n  p a t h s  w h ich  w ere  c o n s id e r e d .  The m i g r a t i o n  
TVe n e r g i e s ,  , d e r i v e d  from  t h e s e  c u rv e s  a r e  a l s o  p r e s e n t e d  i n  T a b le  ( 4 . 4 ) .
The r e s u l t s  shown i n  F i g .  ( 4 .5 )  f o r  th e  r e f l e c t i o n ,  and  F i g .  ( 4 .6 )  f o r  
th e  i s o s c e l e s  tw in  b o u n d a r i e s  d e m o n s t r a te  i n  a  s t r i k i n g  m a n n e r ,  t h e  e f f e c t s  
t h e s e  b o u n d a r i e s  h a v e  on v a c an c y  m i g r a t i o n .  Thus t h e  sh ap e  o f  t h e  e n e rg y  
b a r r i e r  can  become v e r y  d i s t o r t e d  n e a r  t h e  b o u n d a r i e s ,  and i n d e e d ,  f o r  
c e r t a i n  ju m p s ,  t h e  c h a r a c t e r i s t i c  d o u b le  maximum o f  th e  s i n g l e  c r y s t a l  r e s u l t  
i s  no lo n g e r  v i s i b l e .  F u r th e r m o r e ,  t h e  m i g r a t i o n  e n e rg y  v a r i e s  by  up t o  a  
f a c t o r  o f  f o u r ,  t h e  I l i a  (1 - 1 )  jump a c r o s s  t h e  r e f l e c t i o n  tw in  g i v i n g  t h e
l o w e s t ,  and t h e  I I I c ( l  - 1 )  jump i n  th e  i s o s c e l e s  tw in  th e  h i g h e s t  v a l u e s ,  o f  
0 .3 6  eV and 1 .5 3  eV r e s p e c t i v e l y .  Fo r  b o th  ty p e s  o f  tw in  b o u n d a ry ,  m i g r a t i o n  
a lo n g  th e  i n t e r f a c e ,  v i a  jumps I a ( l  -*• 1 ) and l a ( 2  2 ) i s  r e l a t i v e l y  e a s y ,  w i t h
m i g r a t i o n  e n e r g i e s  o f  0 .5 1  eV and 0 .4 1  eV, compared t o  tlje  u n s t r e s s e d  s i n g l e  
c r y s t a l  r e s u l t  o f  0 .6 8  eV.
The e n e rg y  d i f f e r e n c e  b e tw een  th e  e nds  o f  t h e  c u rv e s  shown i n  F i g s .
( 4 .5 )  and ( 4 .6 )  i s  a  d i r e c t  r e s u l t  o f  t h e  change  i n  v a c a n c y - tw in  b o u n d a ry  
i n t e r a c t i o n  e n e rg y  f o r  t h e  two e q u i l i b r i u m  p o s i t i o n s .  For t h i s  r e a s o n ,  t h e
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r e f e r e n c e  z e ro  o f  e n e rg y  i n  t h e s e  f i g u r e s  was s e t  by t h e  i n i t i a l  
c o n f i g u r a t i o n a l  e n e rg y  i n  e a c h  c a s e .  I n . t a b l e  ( 4 . 4 ) ,  t h e  d i f f e r e n c e  
i n  i n t e r a c t i o n  e n e r g i e s  i s  a c c o u n te d  f o r ,  s i n c e  t h e  r e s u l t s  a r e  g iv e n  
s im p ly  as  th e  h e i g h t  o f  t h e  e n e rg y  b a r r i e r s  e n c o u n te r e d  f o r  th e  i n d i v i ­
d u a l  ju m p s .
4 .4  D i s c u s s i o n
I n  many ways th e  r e s u l t s  p r e s e n t e d  i n  § 4 .3  a r e  s u r p r i s i n g .  Thus
f o r  exam ple  i t  h a s  b e e n  shown t h a t  th e  maximum b i n d in g  e n e r g i e s  a r i s e
when t h e  v a c a n c y  o r  d iv a c a n c y  l i e s  a d j a c e n t  t o ,  b u t  n o t  i n  th e  b o u n d a ry .
A gain  t h e  m o st  s t a b l e  d iv a c a n c y  i s  n o t  th e  <100> type  w h ich  i s  f a v o u r e d
i n  s i n g l e  c r y s t a l s ,  b u t  e i t h e r  t h e  n e a r e s t  n e ig h b o u r  \  < 1 1 1 > ty p e  o r  one
ly in g  a c r o s s  th e  i n t e r f a c e  w h ich  c o u ld  n o t  o c c u r  i n  a  p e r f e c t  c r y s t a l .
The f a c t  t h a t  i m p e r f e c t  d i v a c a n c i e s  o f  t h i s  k i n d  may be i m p o r t a n t  means
t h a t  c a r e  h a s  to  be  e x e r c i s e d  i n  p r e s e n t i n g  th e  r e s u l t s  and h a s  l e d  t o  th e
Cu s e  h e r e  o f  t h e  combined i n t e r a c t i o n  e n e rg y  E ^ . A n o th e r  f e a t u r e  i s  th e  
d i f f e r e n t  way i n  w hich  th e  i n t e r a c t i o n  e n e r g i e s  f o r  th e  r e f l e c t i o n  and  
i s o s c e l e s  b o u n d a r i e s  depend on s t r a i n .  H ow ever, p e rh a p s  t h e  m o st  s u r p r i ­
s in g  r e s u l t s  w ere  o b t a i n e d  when v a c a n c y  m i g r a t i o n  n e a r  t h e  tw in  b o u n d a r i e s  
was c o n s i d e r e d .  A t t h e  b o u n d a r i e s ,  t h e  m i g r a t i o n  e n e r g i e s  c o u ld  b e  i n c r e a s e d  
from  th e  s i n g l e  c r y s t a l  v a lu e  o f  0 .6 8  eV by a s  much a s  0 .8 5  eV, and  d e c r e a s e d  
by up to  0 .3 2  eV. F u r th e r m o r e ,  f o r  b o th  b o u n d a ry  t y p e s ,  t h e r e  a r e  c h a n n e l s  
p a r a l l e l  t o  t h e  tw in n in g  p l a n e s  a lo n g  w hich  en h an ced  m i g r a t i o n  c a n  o c c u r .
A l th o u g h  many of  th e  above r e s u l t s  w ere  u n e x p e c t e d ,  i t  i s  e n c o u r a g in g  
t h a t  upon c l o s e  e x a m in a t io n  th e y  w ere  a l l  fou n d  to  b e  q u i t e  a c c e p t a b l e .  F o r  
e x a m p le ,  t h e  v a c an c y  m i g r a t i o n  r e s u l t s  c o u ld  a l l  b e  e x p la i n e d  b y  c o n s i d e r i n g  
th e  l o c a l  a to m ic  e n v i ro n m e n t  o f  th e  m i g r a t i o n  p a t h s  c o n c e r n e d .  The h i g h l y
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d i s t o r t e d  c r y s t a l  i n  th e  im m edia te  v i c i n i t y  o f  th e  tv/in i n t e r f a c e s  
m ean t t h a t  th e  a r r a n g e m e n t  o f  atoms a ro u n d  t h e s e  p a th s  was v e r y  d i f f e r e n t  
from  t h a t  found  e l s e w h e r e .  Thus t h e  r e s u l t s  f o r  th e  I I I a ( l  -*• - 1 )  jum p, 
a c r o s s  t h e  i s o s c e l e s  b o u n d a ry ,  m ust be a t  l e a s t  q u a l i t a t i v e l y  c o r r e c t ,  
s i n c e  th e  a r r a n g e m e n t  i n  t h i s  c a s e  c l o s e l y  r e s e m b le s  t h a t  f o r  a  se co n d  
n e a r e s t  n e ig h b o u r  ty p e  o f  jump i n  p e r f e c t  c r y s t a l ,  w h ich  was d i s c u s s e d  i n  
C h a p te r  3 .
When th e  KH and ST molybdenum and t u n g s t e n  p o t e n t i a l s ,  r e f e r r e d  to  
i n  § 4 .1  w ere  u se d  t o  i n v e s t i g a t e  th e  v a c a n c y - tw in  b o u n d a ry  i n t e r a c t i o n s ,  
b r o a d l y  s i m i l a r  r e s u l t s  t o  th o s e  f o r  t h e  J Q a - i r o n  p o t e n t i a l  w ere  o b t a i n e d ,  
e x c e p t  t h a t  th e  b i n d i n g  e n e r g i e s  w ere  l a r g e r .  U s ing  th e  AV = 0 m o d e l ,  t h e  
KH and ST p o t e n t i a l s  gave s i n g l e  v a c a n c y - i s o s c e l e s  tw in  b i n d i n g  e n e r g i e s  o f  
0 .5 9  eV and 0 .7 1  eV r e s p e c t i v e l y ,  compared w i t h  t h e  v a lu e  o f  0 .1 9  eV f o r  J Q. 
F o r  th e  r e f l e c t i o n  b o u n d a ry ,  th e  b i n d in g  e n e rg y  o b t a i n e d  f o r  ST was 0 .8 9  eV, 
compared w i t h  0 .1 5  eV f o r  J q , b u t  no r e s u l t  was o b t a i n e d  f o r  KH. T h is  was 
b e c a u s e  th e  p r e s e n c e  o f  t h e  v a c a n c y  c a u s e d  th e  r e f l e c t i o n  b o u n d a ry  to  t r a n s ­
form  to  t h e  i s o s c e l e s  c o n f i g u r a t i o n .  No d o u b t  t h i s  was due to  t h e  f a c t  t h a t  
u s in g  th e  AV = 0 m ode l ,  th e  r e f l e c t i o n  b o u n d a ry  i s  m e t a s t a b l e ,  i t s  e n e rg y  
b e in g  a b o u t  40% g r e a t e r  th a n  t h a t  o f  t h e  i s o s c e l e s  t y p e .  The same phenomenon 
a r o s e  u s i n g  t h e  p o t e n t i a l  when th e  r e f l e c t i o n  b o u n d a ry  was c o m p re s se d  by 
more th a n  3%. A ls o ,  th e  r e v e r s e  e f f e c t  o c c u r r e d  f o r  J q when th e  i s o s c e l e s  
b o u n d a ry  was s t r a i n e d  by a b o u t  3% i n  t e n s i o n ,  a s  i t  th e n  t r a n s f o r m e d ,  i n  t h e  
p r e s e n c e  o f  th e  v a c a n c y ,  t o  th e  r e f l e c t i o n  ty p e .  T r a n s f o r m a t io n s  o f  t h i s  k i n d  
im ply  t h a t  th e  tw in  bou n d a ry  i s  d i s p l a c e d  p e r p e n d i c u l a r  to  i t s e l f  by  o n e - h a l f  
o f  a  (112) i n t e r p l a n a r  s p a c i n g .  I n  p r a c t i c e  t h i s  can  o c c u r  by th e  m o t io n  o f  
s t e p s  b e tw e e n  r e f l e c t i o n  and  i s o s c e l e s  s t r u c t u r e s .
To d a t e ,  t h e  o n ly  c o m p a rab le  com pute r  s i m u l a t i o n  s t u d i e s  o f  th e  
i n t e r a c t i o n  be tw een  v a c a n c i e s  and g r a i n  b o u n d a r i e s  to  h av e  b een  r e p o r t e d  
a r e  th o s e  o f  D ahl (1970) and D ahl e t  a l .  ( 1 9 7 2 ) .  They c a l c u l a t e d  t h e  
f o r m a t io n  and m i g r a t i o n  e n e r g i e s  o f  v a c a n c i e s  i n  and n e a r  a 6 ° t i l t  
b o u n d a ry  u s in g  th e  J Q p o t e n t i a l  to  s im u l a t e  y - i r o n .  The c o n c lu s i o n s  
drawn from  t h e i r  work were tw o f o ld ;  th e  v a c an c y  f o r m a t io n  e n e rg y  i n  a
r e g i o n  o f  m i s f i t  was low er  t h a n  i n  th e  p e r f e c t  c r y s t a l  ( o r  a  r e g i o n  o f  good
f i t ) ,  and th e  v a c a n c y  m i g r a t i o n  e n e rg y  was s i g n i f i c a n t l y  a l t e r e d  w i t h i n  t h e  
b o u n d a ry  r e g i o n .  A l th o u g h  t h e s e  r e s u l t s  were o b t a in e d  f o r  an i n c o h e r e n t
ty p e  o f  b o u n d a ry  i n  an  f . c . c .  m e t a l ,  th e  a g re e m e n t  w i th  th e  p r e s e n t  w ork  i s
a t  l e a s t  q u a l i t a t i v e l y  c o r r e c t .
E x p e r i m e n t a l l y ,  t h e r e  a r e  a  number o f  t e c h n i q u e s  a v a i l a b l e  by  w h ich  
v a c a n c y - g r a i n  b o u n d a ry  i n t e r a c t i o n s  can  be s t u d i e d ,  and t h e s e  h av e  b e e n  
a p p l i e d ,  o v e r  th e  y e a r s ,  t o  many d i f f e r e n t  m e t a l s  and a l l o y s  ( G l e i t e r ,  1 9 7 2 ) .  
A l th o u g h  m o st  o f  t h e s e  e x p e r im e n t s  have  b e e n  c o n c e rn e d  w i t h  i n t e r a c t i o n s  
f o r  q u i t e  g e n e r a l  g r a i n  b o u n d a r i e s ,  t h e r e  a r e  a l s o  r e s u l t s  on tw in  b o u n d a r i e s  
f o r  a  few  f . c . c .  and h . c . p .  m e t a l s .  B a rnes  (1960) h a s  s t u d i e d  c o h e r e n t  and  
i n c o h e r e n t  tw in s  i n  s p e c t r o s c o p i c a l l y  p u re  c o p p e r  and b e r y l l i u m ,  and  t h e i r  
e f f i c i e n c y  as  v a c a n c y  s o u r c e s  and c o n d u c to r s .  H is  c o n c lu s i o n s  w ere  t h a t  
th e  c o h e r e n t  tw in s  do n o t  a c t  as  v a c a n c y  s o u r c e s ,  and t h a t  t h e  i n c o h e r e n t  
tw in s  a r e  v a c a n c y  c o n d u c to r s .  S i m i l a r l y ,  S e g a l l  (1964) i v e s t i g a t e d  t h e  
i n t e r a c t i o n s  i n  g o l d ,  and o b s e rv e d  t h a t ,  u n d e r  c e r t a i n  c i r c u m s t a n c e s ,  tw in  
b o u n d a r i e s  can  a c t  as e f f e c t i v e  v a c an c y  s i n k s .  The i n t e r p r e t a t i o n  o f  t h e s e  
r e s u l t s  ( S e g a l l ,  1964; S c h a p in k ,  1964) was t h a t  p r e - e x i s t i n g  m onatom ic s t e p s ,  
o r  tw in n in g  d i s l o c a t i o n s  w ere  p r e s e n t  i n  t h e  o th e r w i s e  c o h e r e n t  b o u n d a r i e s ,  
w hich  a b s o rb e d  th e  v a c a n c i e s ,  c a u s in g  th e  s t e p s  t o  sweep a c r o s s  t h e  b o u n d a ry  
p l a n e .
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The i d e a  p ro p o se d  by  th e  p r e s e n t  s t u d y ,  t h a t  p l a n a r  tw in  b o u n d a r i e s  
i n  b . c . c .  m e ta l s  can  p r o v id e  s in k s  f o r  v a c a n c i e s  a p p e a r s  to  b e  new.
However, i t  i s  b o rn e  o u t  by th e  a rgum en t t h a t  v a c a n c y  f o r m a t i o n  e n e r g i e s  
a r e  low er  i n  r e g i o n s  o f  c o m p r e s s io n ,  w here  th e  d e f e c t s  can  r e l i e v e  t h e  
s t r a i n  f i e l d .  U s ing  th e  same a rg u m e n t,  i t  i s  p o s s i b l e  t o  e x p l a i n  th e  
e x p e r i m e n t a l  r e s u l t s  f o r  th e  f . c . c .  and h . c . p ,  m e t a l s .  A h a r d  s p h e r e  
model does  n o t  p r e d i c t  a volume e x p a n s io n  a t  tw in  b o u n d a r i e s  i n  t h e s e  
m e t a l s ,  and a l t h o u g h  com puter  s i m u l a t i o n  s t u d i e s  ( H a r r i s o n ,  1973 ; D oneghan , 
1976) have  shown t h a t  s m a l l  l o c a l i z e d  d i s p l a c e m e n ts  p e r p e n d i c u l a r  to  t h e  
b o u n d a r i e s  c a n  o c c u r ,  t h e s e  a r e  an o r d e r  o f  m ag n i tu d e  s m a l l e r  t h a n  i n  t h e  
b . c . c .  m e t a l s .  F o r  t h i s  r e a s o n ,  t h e  v a c an c y  i n t e r a c t i o n  e n e r g i e s  f o r  a  
p l a n a r  tw in  b o u n d a ry  in  t h e  c lo s e - p a c k e d  m e ta l s  w i l l  b e  n e g l i g i b l e .
An o b v io u s  e x t e n s i o n  o f  t h e  work r e p o r t e d  i n  t h i s  c h a p t e r  would  b e  
to  i n v e s t i g a t e  th e  i n t e r a c t i o n  e n e r g i e s  f o r  tw in  b o u n d a r i e s  c o n t a i n i n g  
tw in n in g  d i s l o c a t i o n s .  I n d e e d ,  com puter  s t u d i e s  h av e  b e e n  i n i t i a t e d  t o  
i n v e s t i g a t e  th e s e  more com plex  i n t e r a c t i o n s ,  and th e  p r e l i m i n a r y  r e s u l t s  
( B r i s to w e ,  1977) i n d i c a t e  t h a t  t h e  tw in n in g  d i s l o c a t i o n s  do i n f l u e n c e  t h e  
i n t e r a c t i o n s  l o c a l l y ,  b u t  t h a t  th e y  a r e  n o t  l i k e l y  to  c o n t r o l  v a c a n c y  
d i s t r i b u t i o n s .  T h is  p ro b le m  h a s  n o t  y e t  b e e n  i n v e s t i g a t e d  i n  d e p t h  h o w e v e r ,  
s i n c e  th e  d e t a i l s  o f  th e  s t r u c t u r e  o f  th e  tw in n in g  d i s l o c a t i o n s  th e m s e lv e s  
a r e  o n ly  j u s t  becom ing a v a i l a b l e  (B r is to w e  an d  C r o c k e r ,  1976; B r i s to w e  and  
C r o c k e r ,  1 9 7 7 ) .
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T ab le  ( 4 .1 )  Summary o f  e n e r g i e s  d i s c u s s e d
Computed e n e r g i e s
EP p e r f e c t  c r y s t a l
e p +t c r y s t a l  + tw in
EP+V c r y s t a l  + v a c an c y
EP+2V c r y s t a l  + d iv a c a n c y
„P+T+VHi c r y s t a l  + tw in  + v a can cy
P+T+2VHj c r y s t a l  + tw in  + d iv a c a n c y
D e r iv e d  e n e r g i e s
e t tw in  b o u n d a ry -  EP+T - E P
EV v a c a n c y = EP+V -  EP
E2V d iv a c a n c y = EP+2V -  EP
D e r iv e d  i n t e r a c t i o n e n e r g i e s
TV
. X tw in /v a c a n c y
.  _ e P _ e T _ EV
T2V
Ei t w in / d iv a c a n c y
= e P+T+2V _ e P _ e T _ e 2V
V V
F 1 2  I v a c a n c y /v a c a n c y
2V V = E -  2E
F C
EI 'c o m b in e d 1
_T2V „ V1V2 = E ][ + E I
T V ^
EI t w i n / v a c . / v a c .
T2V
= E I  “ E I  " EI
jk  p r e - s u p e r f i x  e i s u se d  to i n d i c a t e  t h a t  th e  e n e rg y
i s  f o r  a  s t r a i n e d  c r y s t a l .
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Table (4 .2 ) The in tera c tio n  energy between a vacancy and a
(112) twin boundary in  a -iro n .
± n
R e f l e c t i o n I s o s c e l e s
AV=0 e = 0 AV=0 e = 0
0 + 98 + 95 - -
1 -148 -1 3 0 -  19
00 
t—i
•[
2 -  8 8 -  85 -1 9 1 -1 8 8
3 + 3 + 6 + 13 + 1 2
4 -  6 ~ 3 -  16 -  15
5 -  4 -  1 + 2 + 3
The e n e r g i e s  (x 103) a r e  g iv e n  i n  eV f o r  r e f l e c t i o n  and  
i s o s c e l e s  b o u n d a r i e s  f o r  m odels  i n v o l v i n g  no volume change (AY=0) 
and no lo n g - r a n g e  s t r a i n s  (e= 0 ) , when th e  v a c a n c y  i s  l o c a t e d  on 
th e  (112) p l a n e  g iv e n  by n w h ich  i s  d e f i n e d  i n  F i g .  ( 4 . 1 ) ,
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CTable (4 .3 ) The combined in ter a c tio n  energy between a divacancy
and a (112) twin boundary in  a -iro n .
R e f l e c t i o n  b o u n d a ry
m l a lb Ic I l a l i b
0
1
2
3
4
+ 30 
-417  
-294  
- 1 2 1  
-135
-1 0 7
-254
-218
- 1 2 1
- 1 3 0
-2 4 4
-344
-207
-126
-135
-  98 
-335  
-286  
’- ' 2 0 0  
-205
-2 5 3
-427
-276
-1 9 7
- 2 0 1
I s o s c e l e s  b o u n d a ry
m l a lb I c XIa l i b
1
2
3
4
5
-189
-4 9 0
- 1 0 2
-1 5 2
- 1 2 2
- 1 2 0
- 3 2 0
- 1 1 2
-142
-123
-3 4 7
-295
- 1 2 2
-1 4 0
-127
-1 9 8
-396
-181
-215
-192
-375
-385
-1 9 4
-209
-1 9 2
I m p e r f e c t  d i v a c a n c i e s
I l i a  = ' -  443 I l l b  = -  322 I F I c  = -  242
...
The e n e r g i e s  (x 10^) a r e  g iv e n  i n  eV f o r  t h e  f i v e  p e r f e c t  
and t h r e e  i m p e r f e c t  d i v a c a n c i e s  d e f i n e d  i n  F i g .  ( 4 . 1 ) ,  f o r  m odels  
i n v o l v i n g  no volume change (AV=0). The l o c a t i o n  o f  th e  g e o m e t r i c  
c e n t r e  o f  a  d iv a c a n c y  i s  g iv e n  by th e  i n t e g e r  m, w here  m = n ,  a s  
d e f i n e d  i n  F i g .  ( 4 . 1 ) ,  f o r  ty p e  l a ,  m = n - 1  f o r  lb  and H a  and 
m = n  -  |  f o r  I c  and l i b .
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Table (4 ,4 ) The m igration energy of a vacancy in  the v ic in it y
of a (112) twin boundary in  a -iro n .
Jump
M ig r a t io n  e n e rg y
Jump
M ig r a t i o n  e n e rg y
n
R I R I
Ia(l-KL) 0 .5 1 - Ia( l-> 1) 0 .5 1 - 1
I a (2 + 2 ) - 0 .4 2 Ia (2 + 2 ) - 0 .4 2 2
lb  (4**‘2) 0 .5 7 0 .4 9 lb  (2->4) 0 .6 5 0 . 6 6 3
Ib (3 + 1 ) 0 . 6 6 0 .8 2 Ib(l->3) 0 .8 0 0 .8 5 2
lb  ( 2 -»0 ) 0 .9 6 - Ib(0->2) 0 .7 8 - 1
I c ( 3 ^ 2 ) 0 .6 3 0 .4 8 Ic(2->3) 0 .7 2 0 . 6 8 2 .5
I c ( 2 -*1 ) 0 .5 6 0 .7 3 I c ( l + 2 ) 0 .6 1 0 . 9 0 1 .5
Ic(l-K )) 1 .1 5 ~ Ic(0->-l) 0 .9 3 - 0 .5
I I I a ( l * - l ) 0 .3 6 - IIIa (- l -K L ) 0 .3 6 - 0
I l l b ( 2+ - 1 ) - 0 .6 3 IIIb (- l-> -2) - 0 .4 6 1
I I I c  ( 1+ - 1 ) - 1 .5 3 I l l c ( - m ) - 1 .5 3 0
The e n e r g i e s  a r e  g iv e n  i n  eV f o r  th e  r e f l e c t i o n  (R) and  
i s o s c e l e s  ( I )  b o u n d a r i e s .  The v a r i o u s  c r y s t a l l o g r a p h i c a l l y  
d i s t i n c t  jumps Ia-KLc and I I I a - > I I I c  a r e  l a b e l l e d  a c c o r d in g  to  
t h e  scheme shown i n  F i g .  ( 4 . 4 ) ,  w i th  th e  v a lu e s  o f  n  d e n o t i n g  
t h e  m id p o in t  p o s i t i o n s  o f  t h e  jumps r e l a t i v e  t o  th e  b o u n d a r i e s .
CHAPTER 5
THE j <111> {110} EDGE DISLOCATION, AND ITS INTERACTION WITH VACANCIES
5 .1  I n t r o d u c t i o n
The e l a s t i c  con tinuum  m odel o f  a d i s l o c a t i o n  i n  a  c r y s t a l l i n e  m a t e r i a l  
b r e a k s  down i n  t h e  c o re  r e g i o n ,  w here  i t  p r e d i c t s  a  s i n g u l a r i t y  i n  t h e  
e x p r e s s i o n  f o r  t h e  s t r e s s  f i e l d .  As such  a s i n g u l a r i t y  c a n n o t  a r i s e  i n  a 
r e a l  c r y s t a l ,  th e  d i f f i c u l t y  i s  u s u a l l y  overcom e b y  t r e a t i n g  t h e  d i s l o c a t i o n  
as  a  ’V o l t e r r a  d i s l o c a t i o n 1 ( V o l t e r r a ,  1 9 0 7 ) .  U s ing  t h i s  m ethod , a  c y l i n ­
d r i c a l  h o l e  o f  r a d i u s  r Q i s  c u t  from  th e  e l a s t i c  b lo c k  a ro u n d  t h e  c e n t r e  o f  
t h e  d i s l o c a t i o n ,  and  t h e  s o l u t i o n s  f o r  th e  s t r e s s  and s t r a i n  f i e l d s  a r e  o n l y  
d e f in e d  f o r  r a d i i  r  > r Q. The p r o c e d u r e  i s  u n s a t i s f a c t o r y  f o r  a  number o f  
r e a s o n s .  I t  i s  n o t  p o s s i b l e  t o . g i v e  a v a lu e  f o r  r Q w i t h o u t  a  k now ledge  o f  t h e  
e x a c t  a to m ic  a r r a n g e m e n t  f o r  r  < r Q. I n  a d d i t i o n ,  n o n - l i n e a r  e f f e c t s  w i t h i n  
th e  c o re  ( r  < r Q) can  p ro d u c e  a d d i t i o n a l  l i n e a r  e l a s t i c  f i e l d s  a t  d i s t a n c e s  
f a r  from  t h i s  r e g i o n ,  no a c c o u n t  o f  w h ich  i s  t a k e n .  However, t h e  m e th o d ’ s 
g r e a t e s t  d i s a d v a n t a g e  i s  s im p ly  t h a t  i t  does  n o t  g iv e  i n f o r m a t i o n  a b o u t  t h e  
e n v iro n m e n t  a t  t h e  c e n t r e  o f  t h e  d i s l o c a t i o n .  S in c e  i t  i s  t h i s  r e g i o n  w h ich  
c o n t r o l s  m ost  o f  i t s  p r o p e r t i e s ,  c l e a r l y  a  d i s c r e t e  l a t t i c e  c a l c u l a t i o n  i s  
r e q u i r e d .
The f i r s t  d i s c r e t e  l a t t i c e  c a l c u l a t i o n  o f  a  d i s l o c a t i o n  was r e p o r t e d  
by H u n t in g to n  e t  a l .  (1 9 5 5 ) ,  who c o n s id e r e d  b o th  edge  and sc re w  d i s l o c a t i o n s  
i n  a  m odel o f  Na C l ,  u s i n g  a Born-M ayer p o t e n t i a l .  S in c e  t h i s  e a r l y  w o rk ,  a 
g r e a t  many o t h e r  c a l c u l a t i o n s  h av e  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  d i l o c a ­
t i o n s  i n  a  w ide  r a n g e  o f  m e t a l l i c  and i o n i c  c r y s t a l s  ( f o r  r e v i e w s ,  s e e  
J o h n s o n ,  1976; G ehlen  e t  a l .  1 9 7 2 a ) .  A l th o u g h  much o f  t h i s  w ork h a s  b e e n  
c o n c e rn e d  w i th  t h e  s t r u c t u r e  o f  s l i p  d i s l o c a t i o n s  f o r  th e  v a r i o u s  s y s t e m s ,  a
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number o f  a m b i t io u s  s t u d i e s  h av e  a l s o  b e e n  made to  i n v e s t i g a t e  th e  
s t r u c t u r e  o f  g r a i n  b o u n d a ry  d i s l o c a t i o n s  e . g .  tw in n in g  d i s l o c a t i o n s  
(Yamaguchi and V i t e k ,  1976; B r i s to w e  and C ro c k e r ,  1 9 7 7 ) .
The c o re  s t r u c t u r e  o f  d i s l o c a t i o n s  i n  b o d y - c e n t r e d  c u b ic  m e t a l s  h a s  b e e n
i
th e  s u b j e c t  o f  a  g r e a t  d e a l  o f  d i s c u s s i o n  e v e r  s i n c e  t h e  lox? t e m p e r a t u r e  
p l a s t i c  d e f o r m a t io n  b e h a v io u r  o f  t h e s e  m e t a l s  was f i r s t  i n v e s t i g a t e d  i n  t h e  
l a t e  1 950 f s ( s e e  C h r i s t i a n ,  1 9 7 0 ) .  Screw d i s l o c a t i o n s  a p p e a re d  to  b e  
r e s p o n s i b l e  f o r  much of  th e  b e h a v i o u r ,  a n d ,  f o l l o w i n g  a  s u g g e s t i o n  b y  H i r s c h  
(1 9 6 0 ) ,  a  number o f  s p l i t t i n g  o r  d i s s o c i a t i o n  m odels  o f  t h e  c o re  w ere  
p ro p o s e d .  I t  was n o t  u n t i l  d i s c r e t e  com puter  s i m u l a t i o n  c a l c u l a t i o n s  w ere  
p e rfo rm e d  t h a t  t h e  d i s s o c i a t i o n  m odels  c o u ld  b e  c r i t i c a l l y  e x a m in ed .  V i t e k
(1974) h a s  g iv e n  a  r e v ie w  of  b o th  d i s s o c i a t i o n  and a t o m i s t i c  m odels  o f  
d i s l o c a t i o n s  i n  b . c . c .  m e t a l s ,  w i th  p a r t i c u l a r  r e f e r e n c e  t o  s c re w  d i s l o c a t i o n s .  
He shows t h a t  th e  s c re w  d i s l o c a t i o n  c o re  i s  e x te n d e d  on to s e v e r a l  n o n - p a r a l l e l  
{1 1 0 } and  {1 1 2 } p l a n e s  o f  t h e  <1 1 1 > zone , m aking  i t  a  s e s s i l e  c o n f i g u r a t i o n  
w hich m ust  u n d e rg o  s e v e r e  changes  b e f o r e  i t  c an  move. I n  t h e  same way, t h e  
t w i n n i n g - a n t i t w i n n i n g  asym m etry  o f  s l i p  on {1 1 2 } p l a n e s  may b e  e x p l a i n e d .
Edge d i s l o c a t i o n s  i n  b . c . c .  m a t e r i a l s  can  h av e  e i t h e r  o f  two p o s s i b l e  
B u rg e rs  v e c t o r s ,  <100> o r  |  <111>. I t  i s  g e n e r a l l y  assum ed t h a t  t h o s e  w i t h  
<100> B u rg e rs  v e c t o r  do n o t  c o n t r i b u t e  d i r e c t l y  to  th e  p l a s t i c  d e f o r m a t io n ,  
and t h a t  th e y  a r e  o n ly  c r e a t e d  as a  r e s u l t  o f  a t t r a c t i v e  j u n c t i o n s  b e tw e e n  
two |  <1 1 1 > d i s l o c a t i o n s ,  e . g .  i
\ [ i n ]  + ] [ m ]  -► [ io o ]  ( 5 . 1 )
w hich  i s  e n e r g e t i c a l l y  f a v o u r a b l e .  However, th e y  a r e  b e l i e v e d  t o  p l a y  an  
im p o r t a n t  r o l e  i n  c r a c k  n u c l e a t i o n .  I n  v iew  o f  t h i s ,  a  number o f  a u t h o r s  
h a v e  s t u d i e d  th e  <100>, s o - c a l l e d  Tc u b e - e d g e f d i s l o c a t i o n  ( B u l lo g h  and  P e r r i n ,  
1968b; S i n c l a i r ,  1971; G e h l e n e t a l . ,  1968; 1 9 7 2 b ) .  C r y s t a l l o g r a p h i c a l l y ,  i t
-  80 -
i s  a  s im p le  d e f e c t  to  d e s c r i b e ,  i n  c o n t r a s t  to  th e  edge d i s l o c a t i o n s  w i th  
a  I <111> B u rg e rs  v e c t o r .  T here  a r e  two com m only-observed  s l i p  p l a n e s  
f o r  th e  5 <111> edge d i s l o c a t i o n s ,  i . e .  {110} and {112}. The \  <111> {112} 
d i s l o c a t i o n  has  a v e r y  a sy m m e tr ic  g e o m e try ,  w hich  a r i s e s  b e c a u s e  th e  s l i p  
p l a n e  i s  n o t  a  m i r r o r  p l a n e .  I t  i s  th u s  e x t r e m e ly  d i f f i c u l t  to  d e s c r i b e ,  
and as  a  c o n se q u e n c e ,  r e l a t i v e l y  l i t t l e  work h a s  b e e n  r e p o r t e d  on  t h e  c o r e  
s t r u c t u r e  ( V i te k  e t  a l . ,  1972; Yamaguchi and V i t e k ,  1 9 7 5 ) .  The |  <111> {110} 
edge  d i s l o c a t i o n  i s  th e  s u b j e c t  f o r  d i s c u s s i o n  i n  t h i s  c h a p t e r  o f  t h e  t h e s i s .  
A l th o u g h  i n  t h i s  c a s e  th e  d i s l o c a t i o n  l i n e  i s  d i r e c t e d  a lo n g  a  <112> d i r e c t i o n ,  
th e  s l i p  p l a n e  i s  a m i r r o r  p l a n e ,  and so  a c e r t a i n  amount o f  symmetry i s  
r e t a i n e d .  Chang and Graham (1966) were th e  f i r s t  a u th o r s  t o  d i s c u s s  th e  c o re  
s t r u c t u r e  o f  t h i s  d i s l o c a t i o n  i n  a  model o f  a - i r o n ,  and  s i n c e  t h e n ,  S c h i f f g e n s  
and G a r r i s o n  ( 1 9 7 2 ) ,  Yamaguchi and V i t e k  (1973) and de H osson  and S leesw yk
(1975) have  c a r r i e d  o u t  f u r t h e r  i n v e s t i g a t i o n s  f o r  a r a n g e  o f  d i f f e r e n t  
e m p i r i c a l  p o t e n t i a l s .
I t  i s  w e l l - e s t a b l i s h e d  t h a t  t h e  i n t e r a c t i o n  b e tw e e n  p o i n t  d e f e c t s  and  
d i s l o c a t i o n s  g iv e s  r i s e  to  many i m p o r t a n t  m e t a l l u r g i c a l  phenomena w h ich  a l l  
r e l a t e  to  d i s l o c a t i o n  m o b i l i t y  i n  one way o r  a n o t h e r .  When th e  p o i n t  d e f e c t s  
a r e  i n t e r s t i t i a l  i m p u r i t i e s ,  t h e  f o r m a t i o n  o f  p r e c i p i t a t e s  o r  d i l u t e  A t m o s p h e r e s 1 
a t  th e  d i s l o c a t i o n  g i v e s  r i s e  to  th e  e f f e c t  o f  s t r a i n  a g e i n g .  When th e y  a r e  
i n t r i n s i c  i n t e r s t i t i a l s  and v a c a n c i e s ,  th e  i n t e r a c t i o n s  l e a d  to  d i s l o c a t i o n  
c l im b .  I n  r e c e n t  y e a r s ,  w i t h  t h e  a d v e n t  o f  t h e  n u c l e a r  power p rogram m e, 
renew ed i n t e r e s t  h a s  b e e n  shown i n  t h e  i n t e r a c t i o n s .  Under n e u t r o n  i r r a d i a t i o n ,  
l a r g e  numbers o f  i n t r i n s i c  i n t e r s t i t i a l s  and v a c a n c i e s  a r e  p ro d u c e d  i n  r e a c t o r  
m a t e r i a l s ,  and t h e i r  a b s o r p t i o n  by d i s l o c a t i o n s  u n d e r  a p p l i e d  s t r e s s  g i v e s  
r i s e  t o  i r r a d i a t i o n  c r e e p .  There  h a v e  b e e n  many a n a ly s e s  o f  t h e  p o i n t  d e f e c t -  
d i s l o c a t i o n  i n t e r a c t i o n  p ro b le m  u s in g  e l a s t i c i t y  t h e o r y  (B u l lo u g h  and  Newman,
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197 0 ) ,  b u t  s i n c e  no a c c o u n t  c a n  be t a k e n  o f  th e  a l l - i m p o r t a n t  a to m ic  
s t r u c t u r e  o f  t h e  d e f e c t s  by t h i s  m ethod , t h e i r  u s e  i s  l i m i t e d .  To d a t e ,  
t h e  o n ly  r e a l  s p a c e  a t o m i s t i c  s tu d y  o f  th e  i n t e r a c t i o n s  t o  have  b e e n  
p u b l i s h e d  f o r  b . c . c .  m e t a l s ,  i s  t h a t  o f  B u l lo u g h  and P e r r i n  ( 1 9 6 8 b ) ,  who 
c o n s id e r e d  v a c a n c y  i n t e r a c t i o n  w i th  t h e  <1 0 0 > e d g e  d i s l o c a t i o n  i n  a - i r o n .
I n  o r d e r  to  e x te n d  t h i s  w ork , r e s u l t s  h av e  b e e n  o b t a i n e d  f o r  t h e  i n t e r a c t i o n s  
b e tw e en  s i n g l e  v a c a n c i e s  and th e  \  <1 1 1 > {1 1 0 } edge  d i s l o c a t i o n  i n  t h e  c u r r e n t  
s t u d y .  The c o re  s t r u c t u r e  o f  t h e  d i s l o c a t i o n  i s  p r e s e n t e d  f i r s t  i n  § 5 .3 ,  and 
a  d i s c u s s i o n  o f  th e  i n t e r a c t i o n s  i n  r e l a t i o n  to  th e  d i s l o c a t i o n  s t r u c t u r e  i s  
g iv e n  i n  § 5 .4 .
5 .2  The S i m u l a t i o n  P ro c e d u r e
The model c r y s t a l l i t e  u se d  to  s i m u l a t e  t h e  edge d i s l o c a t i o n  h a s  many 
f e a t u r e s  i n  common w i th  t h a t  d e s c r i b e d  i n  C h a p te r  4 f o r  t h e  tw in  b o u n d a r i e s .  
Thus i t  had  th e  same o r i e n t a t i o n ,  i . e .  ( I l l ) ,  (110) and (112) f a c e s ,  and 
u sed  a m ix tu r e  o f  b o th  r i g i d  and p e r i o d i c  b o u n d a ry  c o n d i t i o n s .  I n  t h e  
p r e s e n t  c a s e ,  th e  i n i t i a l  p o s i t i o n s  o f  a l l  th e  atom s w ere  d e te r m in e d  by 
a n i s o t r o p i c  e l a s t i c i t y  t h e o r y ,  and th e n  r i g i d  b o u n d a ry  c o n d i t i o n s  w ere  a p p l i e d  
to  th e  o u t e r  ( 1 1 1 ) and ( 1 1 0 ) f a c e s ,  and p e r i o d i c  b o u n d a ry  c o n d i t i o n s  to  t h e  
( 1 1 2 ) f a c e s  o f  t h e  m odel.
P a r t i c u l a r  c a r e  had  to  b e  t a k e n  i n  c h o o s in g  th e  model d im e n s io n s  f o r  
t h e  d i s l o c a t i o n  s i m u l a t i o n s .  S in c e  th e  atoms o f  t h e  r i g i d  b o u n d a ry  r e g i o n s  
were h e l d  i n  p o s i t i o n s  d e te rm in e d  by e l a s t i c i t y ,  t h e  m odels  n ee d ed  t o  b e  
l a r g e  enough to  e n s u r e  t h a t  t h e  b o u n d a r i e s  had  no e f f e c t  on  th e  c o r e  r e g i o n .
I n  a d d i t i o n ,  when th e  v a c an c y  i n t e r a c t i o n s  w ere  b e in g  c o n s i d e r e d ,  i t  was 
n e c e s s a r y  t o  e n s u r e  t h a t  th e  d i s p l a c e m e n ts  a t  t h e  b o u n d a r i e s  due to  t h e  
v a c a n c i e s  w ere  n e g l i g i b l e .  A f t e r  e x p e r im e n t ,  t h e s e  r e q u i r e m e n ts  w ere  fo u n d  
to  be  s a t i s f i e d  by a model c o n t a i n i n g  36 (111) p l a n e s ,  14 (110) and  e i t h e r
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6  o r  18 ( 1 1 2 ) p l a n e s ,  d e p e n d in g  upon w h e th e r  t h e  d i s l o c a t i o n  s t r u c t u r e  
o r  t h e  v a c a n c y  i n t e r a c t i o n s  w ere  u n d e r  i n v e s t i g a t i o n .  A minimum o f  
6  ( 1 1 2 ) p l a n e s  a r e  n e c e s s a r y  s i n c e  t h e r e  i s  s i x - f o l d  s t a c k i n g  a lo n g  t h e  
d i r e c t i o n  o f  t h e  d i s l o c a t i o n  l i n e .
The d i s p l a c e m e n t  f i e l d  u^  o f  a  s t r a i g h t  d i s l o c a t i o n  o r i e n t e d  a lo n g  
th e  x^ d i r e c t i o n  i n  a n i s o t r o p i c  e l a s t i c i t y  t h e o r y  i s  o b t a i n e d  f ro m  th e  
c o n d i t i o n
82uk
Cia k £  3x i x  = 0  r  =  I ’ P  ( 5 ’ 2)a 8  a , 8  = 1 , 2
(E sh e lb y  e t  a l . ,  1953; H i r t h  and L o th e ,  1 9 6 8 ) .  The s o l u t i o n s  a r e  assum ed
to  h av e  th e  fo rm
\  = \ f ( x 1 + p x 2) ( 5 .3 )
where and p a r e  c o n s t a n t s .  A f t e r  s u b s t i t u t i n g  ( 5 .3 )  i n t o  ( 5 . 2 ) ,  i t  c an  
be shown t h a t  f o r  n o n - z e r o  v a lu e s  of  A^, p i s  a  r o o t  o f  t h e  s e x t i c  e q u a t i o n
lCi l k l  + p c i l k 2  + p c i 2 k l  + p 2 c i 2 k 2 l = 0  * (5 ‘ 4 )
An a n a l y t i c a l  s o l u t i o n  o f  E q u a t io n  ( 5 .4 )  i s  o n ly  p o s s i b l e  f o r  c e r t a i n  s p e c i a l  
c a s e s  o f  sym m etry , and t h e s e  have  b e e n  exam ined  i n  d e t a i l  by  T e u to n ic o  (1968) . 
A l th o u g h  th e  \  <111> {110} edge d i s l o c a t i o n  i s  su c h  a c a s e ,  u s e  was made o f  a  
more g e n e r a l  s u b r o u t i n e  i n  th e  p r e s e n t  w ork , c a p a b le  o f  c a l c u l a t i n g  u .^ f o r  a  
w ide  r a n g e  o f  d i s l o c a t i o n  g e o m e t r i e s ,  i n  w h ich  E q u a t io n  ( 5 .4 )  i s  s o lv e d  
n u m e r i c a l ly .
I n  o r d e r  to  c a r r y  o u t  a  s y s t e m a t i c  s tu d y  o f  th e  e f f e c t  o f  v a r y i n g  t h e  
i n t e r a t o m i c  p o t e n t i a l  on t h e  d i s l o c a t i o n  c o re  s t r u c t u r e ,  t h e  J Q, and
i r o n  p o t e n t i a l s  ( s e e  C h a p te r  2) have  b e e n  u se d  to  o b t a i n  th e  r e s u l t s  o f  
§ 5 .3 .  A l l  o f  t h e s e  a r e  m atched  to  th e  same e l a s t i c  c o n s t a n t s  ( n o m in a l ly  
th o s e  o f  a - i r o n ) ,  and d i f f e r  p r i n c i p a l l y  i n  th e  s t r e n g t h  o f  b i n d i n g  th e y  
p r o d u c e .  F o r  t h e  v a c an c y  i n t e r a c t i o n s  d e s c r i b e d  i n  § 5 .4 ,  t h e  J Q p o t e n t i a l  
was u s e d .
5*3 S t r u c t u r e  o f  th e  D i s l o c a t i o n
I n  any a t o m i s t i c  d e f e c t  c a l c u l a t i o n ,  t h e  r e s u l t s  t a k e  t h e  fo rm  o f  
th e  p o s i t i o n  v e c t o r s  o f  a  l a r g e  a s se m b ly  o f  atoms', and f rom  t h i s ,  t h e  b e s t  
method o f  p r e s e n t a t i o n  f o r  t h e  p a r t i c u l a r  d e f e c t  m ust  be  f o u n d .  When t h e  
d e f e c t  u n d e r  i n v e s t i g a t i o n  i s  a  d i s l o c a t i o n ,  t h e r e  a r e  g r e a t  p ro b le m s  
a s s o c i a t e d  w i t h  f i n d i n g  a s u i t a b l e  m ethod w hich  n o t  o n ly  e m p h a s iz e s  c l e a r l y  
th e  i n f l u e n c e  o f  th e  d i s c r e t e  l a t t i c e ,  b u t  a l s o  can  b e  e a s i l y  r e l a t e d  t o  
con tinuum  t h e o r y .  A p r e s e n t a t i o n  i n  t h e  fo rm  o f  d i s p l a c e m e n t  f i e l d s  ( e « g ,  
B a s i n s k i  e t  a l . ,  1970; de Hosson and S le esw y k ,  1975) o f f e r s  t h e  d i s t i n c t  
a d v a n ta g e s  t h a t  i t  i s  e a s y  to  v i s u a l i z e  and h a s  a  r e a l  p h y s i c a l  s i g n i f i c a n c e .
The d i s a d v a n ta g e s  of t h i s  m ethod h o w e v e r ,  a r e  t h a t  t h e  d i s p l a c e m e n t  f i e l d  i s  
m an y -v a lu e d  and i t  i s  n o t  l o c a l i z e d  a t  t h e  d i s l o c a t i o n  c o r e .  In  o r d e r  t o  
show up th e  d e t a i l e d  s t r u c t u r e  o f  t h e  c o r e ,  a  q u a n t i t y  w h ich  i s  l a r g e  a t  th e  
c e n t r e  o f  t h e  d i s l o c a t i o n  and w h ich  v a n i s h e s  a t  l a r g e  d i s t a n c e s  away h a s  to  
be fo u n d .  Two m ethods h a v in g  t h e s e  p r o p e r t i e s  have  b e e n  p r o p o s e d ,  t h e  m apping  
of d i f f e r e n t i a l  d i s p l a c e m e n ts  ( V i te k  e t  a l . ,  1970) and th e  m apping  o f  th e  
s t r e s s  t e n s o r  ( B a s in s k i  e t  a l . ,  1971) a t  i n d i v i d u a l  a to m ic  s i t e s .
The d i f f e r e n t i a l  d i s p l a c e m e n t  m ethod i n v o lv e s  p l o t t i n g  a r ro w s  to  r e p r e s e n t  
t h e  r e l a t i v e  d i s p l a c e m e n ts  o f  n e ig h b o u r in g  atoms from  a  r e f e r e n c e  c r y s t a l  t o  
t h e  defo rm ed  cr}rs t a l .  F o r  s l i p  d i s l o c a t i o n s  t h e  r e f e r e n c e  c r y s t a l  i s .  t a k e n  
to  b e  p e r f e c t  l a t t i c e ,  and th e  a rro w s  a r e  c e n t r e d  a t  t h e  m id p o in t  o f  t h e  l i n e
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j o i n i n g  th e  two a to m s .  T hus , i f  t h e  p a i r  o f  a tom s A, B u n d e r  c o n s i d e r a t i o n  
A r e f  B r e fhave c o - o r d i n a t e s  x^ and i n  th e  r e f e r e n c e  c r y s t a l ,  and c o - o r d i n a t e s
Ax i d l s  and Bx i d l s  i n  th e  d i s l o c a t e d  c r y s t a l ,  t h e  d i f f e r e n t i a l  d i s p l a c e m e n t  
i n  t h e  x^  d i r e c t i o n  i s  g iv e n  by
f k  d i s  A r e fv  ,B d i s  B r e f N /c.
( x i  ~ x i  > “ ( x £ ” xi  ) • (5 «5)
An a rro w  whose l e n g t h  i s  p r o p o r t i o n a l  to  th e  m ag n i tu d e  o f  t h i s  d i f f e r e n t i a l  
d i s p l a c e m e n t  i s  t h e n  a s s i g n e d  to  th e  p a i r  o f  a to m s ,  and a  s i g n  c o n v e n t i o n  
c h o s e n .  A l th o u g h  t h i s  m ethod shows up th e  m ain  d e t a i l s  o f  t h e  c o r e  s t r u c t u r e  
v e r y  w e l l ,  i t  does  n o t ,  u n f o r t u n a t e l y ,  h av e  an  im m edia te  p a r a l l e l  i n  c o n t i ­
nuum t h e o r y .
I n  c o n t r a s t ,  t h e  s t r e s s  t e n s o r  m ethod y i e l d s  q u a n t i t i e s  w hich  a r e  
a s s o c i a t e d  w i th  th e  i n d i v i d u a l  a to m ic  s i t e s ,  and c a n ,  a t  l e a s t  i n  p r i n c i p l e ,  
be  compared d i r e c t l y  w i th  th e  r e s u l t s  f rom  e l a s t i c i t y .  By a p p l y i n g  a n  
i n f i n i t e s i m a l  homogeneous s t r a i n  to  t h e  d i s l o c a t e d  c r y s t a l ,  and e x a m in in g  
th e  r e s u l t a n t  e n e rg y  c h a n g e ,  i t  i s  p o s s i b l e  t o  d e f i n e  a s t r e s s  t e n s o r  a t  
e v e ry  a to m ic  p o s i t i o n .  S in c e  t h e  s t r e s s  t e n s o r  i s  a  f u n c t i o n  o f  t h e  l o c a l  
a tom ic  vo lum e, i f  i t  can  be  assumed t h a t  t h i s  volume re m a in s  c o n s t a n t  i n  th e  
d i s l o c a t e d  c r y s t a l ,  t h e  t e n s o r  i s  th e  same as  th e  s t r e s s  t e n s o r  o f  e l a s t i c i t y  
t h e o r y .  The s i m p l i f y i n g  a s su m p t io n  o f  c o n s t a n t  a to m ic  volume c a n  b e  made 
f o r  sc rew  d i s l o c a t i o n s  i n  b . c . c ,  m e t a l s ,  and th e  m ethod h a s  p r o v e d  v e r y  u s e ­
f u l  i n  th e  p a s t  f o r  su c h  s i m u l a t i o n s  ( e . g .  s e e  D uesbery  e t  a l . ,  1 9 7 3 ) ,  how­
e v e r ,  f o r  edge d i s l o c a t i o n s  th e  a s su m p t io n  i s  i n v a l i d .  I n d e e d ,  b e c a u s e  t h e  
n a t u r e  o f  t h e  s t r e s s  f i e l d  a round  an  edge  d i s l o c a t i o n  i s  i n h e r e n t l y  more 
c o m p l ic a te d  t h a n  f o r  a  sc rew  d i s l o c a t i o n ,  th e  a p p l i c a t i o n  o f  t h e  m ethod  to  
t h e s e  d i s l o c a t i o n s  i s  v e r y  d i f f i c u l t .
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F o r  th e  p u rp o s e s  o f  t h i s  w ork , t h e  r e s u l t s  f o r  th e  |  <111> {110} 
edge d i s l o c a t i o n  w i l l  be p r e s e n t e d  u s in g  b o th  t h e  d i s p l a c e m e n t  f i e l d  
and d i f f e r e n t i a l  d i s p l a c e m e n t  m apping t e c h n i q u e s 6 The a p p e a r a n c e  o f  
th e  r e l a x e d  s t r u c t u r e  f o r  th e  p o t e n t i a l  i s  shown f i r s t l y ,  i n  F i g .
( 5 . 1 ) .  S in c e  t h e r e  i s  a  s i x - f o l d  s t a c k i n g  se q u en c e  a lo n g  th e  d i r e c t i o n  
o f  t h e  d i s l o c a t i o n  l i n e ,  t h e  f i g u r e  shows i n  p r o j e c t i o n  6 ( 1 1 2 ) p l a n e s ,  
a l t h o u g h  i n  o r d e r  to  a v o id  c o n f u s i o n ,  no a t t e m p t  h a s  b een  made to  
d i s t i n g u i s h  b e tw e en  th e  (112) p l a n e s .  The s l i p  p l a n e  l i e s  i n  b e tw e en  
t h e  ( 1 1 0 ) p l a n e s  l a b e l l e d  + 1  and -  1 , and  th e  p o s i t i o n  o f  th e  c e n t r e  o f  
th e  d i s l o c a t i o n  i s  i n d i c a t e d  by th e  X  sym bol.  The c o r r e s p o n d in g  maps f o r  th e  
J j  and p o t e n t i a l s  a r e  n o t  i n c l u d e d  h e r e ,  as  th e y  a r e  b o t h  v e r y  s i m i l a r  
i n  a p p e a r a n c e  to  th e  J Q r e s u l t ,  and more i m p o r t a n t l y ,  b e c a u s e  t h i s  type  of  
m apping does  n o t  s u p p ly  a  g r e a t  d e a l  o f  i n f o r m a t i o n .  I n  p a r t i c u l a r ,  t h e  
a n i s o t r o p i c  e l a s t i c  s o l u t i o n  f o r  th e  d i s l o c a t i o n  p r e d i c t s  s c r e w - t y p e  d i s p l a ­
cem ents  i n  th e  [ 1 1 2 ] d i r e c t i o n  i . e .  p a r a l l e l  to  th e  d i s l o c a t i o n  l i n e ,  and 
an im p r e s s io n  o f  t h i s  c a n n o t  be g a in e d  from  such  a  s im p le  p l o t .
F i g .  ( 5 .2 )  shows some o f  th e  r e s u l t s  w h ich  a r e  d e r i v e d  f rom  e l a s t i c i t y  
t h e o r y .  The d i s p l a c e m e n ts  from  p e r f e c t  l a t t i c e  p o s i t i o n s  f o r  t h e  p l a n e s  o f  
atoms im m e d ia te ly  above and b e lo w  th e  s l i p  p l a n e  (± 1 i n  F i g .  ( 5 . 1 ) )  a r e  g iv e n  
h e r e  a s  a  f u n c t i o n  o f  d i s t a n c e  a lo n g  th e  s l i p  d i r e c t i o n .  F i g .  ( 5 . 2 a )  shows 
th e  d i s p l a c e m e n t s  i n  th e  [ i l l ]  d i r e c t i o n ,  and F i g .  ( 5 . 2 b ) ,  t h o s e  i n  th e  [112] 
d i r e c t i o n .  I n  F i g .  ( 5 . 2 a ) ,  t h e  n e t  d i s p l a c e m e n t  b e tw e e n  th e  p l a n e s  ± 1 te n d s  
to  th e  l i m i t i n g  v a lu e  o f  [bj , th e  B u rg e rs  v e c t o r ,  w hich  i n  t h i s  c a s e  i s  0 . 8 6 6 a 
(a  = l a t t i c e  p a r a m e t e r ) .  Thus, by l o o k in g  a t  t h e  v a r i a t i o n  o f  t h e  [ i l l ]  d i s p l a ­
c e m e n ts ,  an  e s t i m a t e  o f  t h e  w id th  o f  th e  d i s l o c a t i o n  c o re  r e g i o n  can  be  o b t a i n e d .  
A long th e  [112] d i r e c t i o n  th e  d i s p l a c e m e n ts  a r e  an  o r d e r  o f  m a g n i tu d e  s m a l l e r ,  
and t h e s e  te n d  to  z e ro  a s  t h e  d i s t a n c e  from  th e  c e n t r e  o f  t h e  d i s l o c a t i o n  i s
i n c r e a s e d ,  s i n c e  t h e r e  i s  no component o f  b_ i n  t h i s  d i r e c t i o n .  The 
symmetry o f  th e  [ 1 1 2 ] d i s p l a c e m e n ts  f o l l o w s  d i r e c t l y  from  th e  f a c t  t h a t  t h e  
s l i p  p l a n e  i s  a m i r r o r  p l a n e .
The c o r r e s p o n d in g  r e s u l t s  to  F i g .  ( 5 .2 )  o b t a i n e d  f rom  th e  com pute r  
s i m u l a t i o n s  a r e  shown, f o r  th e  J Q, J j  and  p o t e n t i a l s  i n  F i g s .  ( 5 . 3 ) ,
( 5 .4 )  and ( 5 .5 )  r e s p e c t i v e l y .  Looking  s p e c i f i c a l l y  a t  t h e  d i s p l a c e m e n ts  
p a r a l l e l  t o  [ 1 1 1 ] ,  th e  s p re a d  o f  th e  r e s u l t s  w i t h  d i s t a n c e  a lo n g  [ i l l ]  
i n d i c a t e s  t h a t  th e  d i s l o c a t i o n  c o re  h a s  w idened  compared to  th e  e l a s t i c  
p r e d i c t i o n  f o r  a l l  t h r e e  p o t e n t i a l s ,  i n  th e  se q u en c e  J Q, J j  and  J 2  i . e .  
as th e  i n t e r a t o m i c  b i n d in g  p ro d u c e d  by  th e  p o t e n t i a l  i s  d e c r e a s e d .  I n  
a  s i m i l a r  way, th e  d i s p l a c e m e n ts  p a r a l l e l  to  th e  d i s l o c a t i o n  l i n e  v a r y  
w i th  th e  p o t e n t i a l ,  b u t  i n  t h i s  c a s e ,  th e  e f f e c t s  a r e  more d r a m a t i c .  F o r  
a l l  th e  p o t e n t i a l s ,  th e  d i s p l a c e m e n ts  on  p l a n e  + 1  a r e  i n c r e a s e d  com pared  
to  th e  e l a s t i c  s o l u t i o n ,  th e  l a r g e s t  changes o c c u r r i n g  f o r  J Q, w here  a 
f a c t o r  o f  f o u r  i s  i n v o lv e d ,  and th e  s m a l l e s t  f o r  J 2# On th e  o t h e r  h a n d ,  
w i t h  p l a n e  -  1 , t h e r e  i s  a  c l e a r  te n d e n c y  f o r  th e  s i g n  o f  t h e  d i s p l a c e m e n t s  
to  c h a n g e ,  an£ t h i s  e f f e c t  i s  a l s o  l a r g e s t  f o r  th e  J q p o t e n t i a l .  I t  would 
th u s  a p p e a r  from  th e  d i s c r e t e  c a l c u l a t i o n ,  t h a t  i n  o r d e r  to  r e l i e v e  th e  
c o m p re s s io n  i n  th e  a to m ic  p l a n e s  im m e d ia te ly  above th e  s l i p  p l a n e ,  a d d i t i o n a l  
d i s p l a c e m e n ts  o c c u r  a lo n g  th e  [ 1 1 2 ] d i r e c t i o n ,  and  t h i s  c a u s e s  a  d r a g g in g  
e f f e c t  on  th e  p l a n e s  be low  i n  th e  o p p o s i t e  s e n s e  t o  t h a t  e x p e c t e d  from  
e l a s t i c i t y .
U s ing  th e  d i f f e r e n t i a l  d i s p l a c e m e n t  m apping t e c h n iq u e  t o  i l l u s t r a t e  
th e  r e s u l t s ,  i t  becomes p o s s i b l e  to  p r e s e n t  a  v e r y  l a r g e  amount o f  i n f o r m a t i o n  
on one d ia g ra m .  W hereas i n  F i g s .  ( 5 .3 )  t o  ( 5 .5 )  o n ly  th e  r e s u l t s  f o r  two 
a to m ic  p l a n e s  i s  shown, a  d i f f e r e n t i a l  d i s p l a c e m e n t  map c a n  s u p p ly  i n f o r ­
m a t io n  a b o u t  th e  w hole o f  th e  c r y s t a l .  F o r  th e  p r e s e n t  p u r p o s e s ,  s i n c e  th e  
d i s p l a c e m e n ts  i n  b o t h  th e  [ i l l ]  and [ 1 1 2 ] d i r e c t i o n s  a p p e a r  to  b e  i m p o r t a n t ,
two d i f f e r e n t i a l  d i s p l a c e m e n t  m appings a r e  th u s  r e q u i r e d  f o r  e a c h  i n t e r ­
a to m ic  p o t e n t i a l .  These a r e  shown f o r  J Q i n  F i g s .  ( 5 .6 a )  and (5 .6 b )  
r e s p e c t i v e l y .  The m ain  f e a t u r e  o f  (a )  i s  t h a t  th e  d i f f e r e n t i a l  d i s p l a c e ­
m ents  a r e  c o n c e n t r a t e d  i n  a  s i n g l e  ( 1 1 0 ) p l a n e ,  w hich i s  c o n s i s t e n t  w i th  
t h e  d i s l o c a t i o n  h a v in g  a p l a n a r  c o r e .  F u r th e r m o r e ,  th e  l a c k  o f  v e r t i c a l  
a rrow s  im m e d ia te ly  above and b e lo w  th e  c e n t r e  o f  th e  d i s l o c a t i o n  s e r v e s  
t o  show t h a t  t h e s e  r e g i o n s  o f  c r y s t a l  a r e  a p p ro x im a te ly  u n i a x i a l l y  s t r a i n e d  
i n  th e  s l i p  d i r e c t i o n .  I n  (b) th e  d i f f e r e n t i a l  d i s p l a c e m e n t s ,  w h ich  i n  
t h i s  c a s e  a r e  d i r e c t e d  a lo n g  [ 1 1 2 ] ,  show maxima a t  e i t h e r  s i d e  o f  t h e  
d i s l o c a t i o n  c e n t r e  i n  th e  s l i p  p l a n e .  T h is  w ould  be  e x p e c t e d  on th e  b a s i s  
o f  F i g .  ( 5 . 3 b ) ,  s i n c e  th e  d i f f e r e n c e  i n  d i s p l a c e m e n ts  b e tw e e n  t h e  p l a n e s  
± 1 te n d s  to  z e ro  a t  t h e  d i s l o c a t i o n  c e n t r e .  The c o r r e s p o n d in g  d i f f e r e n t i a l  
d i s p l a c e m e n t  maps f o r  th e  J 1 and  p o t e n t i a l s  g iv e n  i n  F i g s .  ( 5 . 7 )  and  ( 5 . 8 ) ,  
a r e  v e r y  s i m i l a r  t o  th e  r e s u l t .  Thus, th e  i m p o r t a n t  r e s u l t  i s  o b t a i n e d  
t h a t  th e  d i s l o c a t i o n  c o re  i s  e s s e n t i a l l y  p l a n a r  f o r  a l l  t h e  p o t e n t i a l s  u s e d .
A p a r t  from  th o s e  a l r e a d y  d i s c u s s e d ,  t h e r e  i s  one o t h e r  m e th o d ,  d e v e lo p e d  
by V i t e k  e t  a l .  ( 1 9 7 2 ) ,  w hich  can  be u s e d  t o  d i s p l a y  th e  r e s u l t s  o f  t h i s  
s e c t i o n .  I t  i s  a  h y b r i d  m ethod b a s e d  on c a l c u l a t i n g  th e  d e r i v a t i v e  o f  t h e  
d i f f e r e n t i a l  d i s p l a c e m e n ts  f o r  th e  two a to m ic  p l a n e s  l y i n g  a d j a c e n t  t o  t h e  
s l i p  p l a n e .  When p l o t t e d  as  a  f u n c t i o n  o f  d i s t a n c e  i n  th e  [111] d i r e c t i o n ,  
th e  a u t h o r s  c la im  t h a t  th e  r e s u l t i n g  c u rv e  r e p r e s e n t s  a  c o n t in u o u s  d i s t r i b u ­
t i o n  o f  th e  B u rg e rs  v e c t o r .  However, g r e a t  c a r e  h a s  to  be  t a k e n  n o t  o n ly  i n  
d raw in g  th e  d i s t r i b u t i o n s ,  b u t  a l s o  i n  i n t e r p r e t i n g  th e  r e s u l t s .  The m ethod 
i s  b e s t  d e s c r i b e d  w i th  r e f e r e n c e  to  an exam ple ,  and f o r  t h e s e  p u r p o s e s ,  F i g .  
( 5 .9 )  h a s  b e e n  i n c lu d e d  to  show th e  a p p l i c a t i o n  to  t h e  [ i l l ]  d i s p l a c e m e n t s  
f o r  t h e  Jq p o t e n t i a l .  E f f e c t i v e l y ,  t h i s  d i s t r i b u t i o n  i s  e q u i v a l e n t  to  a  p l o t  
o f  th e  r a t e  o f  change o f  th e  d i f f e r e n c e  b e tw e en  th e  two c u rv e s  l a b e l l e d  ± 1  i n  
F i g .  ( 5 . 3 a ) .  A c c o rd in g  to  V i t e k  e t  a l .  (1 9 7 2 ) ,  t h e  a r e a  b e n e a t h  t h e  c u rv e  i n
F i g .  ( 5 . 9 )  can  be  u se d  t o  o b t a i n  th e  m ag n i tu d e  o f  th e  B u rg e rs  v e c t o r ,
i . e
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Px ( x ) d x  = b . ( 5 .6 )
S t r i c t l y  s p e a k in g ,  c o n t in u o u s  c u rv e s  s h o u ld  n o t  have  b e e n  drawn i n  F i g .
( 5 . 3 a ) ,  and h e n c e  s i m i l a r l y  i n  F i g .  ( 5 . 9 ) ,  s i n c e  th e  r e s u l t s  by t h e i r  
n a t u r e  a r e  f o r  a  s e r i e s  o f  d i s c r e t e  l a t t i c e  p o s i t i o n s .  M o reo v e r ,  w i t h  
t h i s  m ethod , th e  c l o s e d  B u r g e rs  c i r c u i t  i s  e f f e c t i v e l y  made i n  t h e  r e f e ­
r e n c e ,  n o t  th e  deform ed  c r y s t a l ,  s o  t h a t  t h e  d i s t r i b u t i o n  does  n o t  r e p r e ­
s e n t  th e  t r u e  B u rg e rs  v e c t o r  d i s t r i b u t i o n .  F o r  t h e s e  r e a s o n s ,  i t  i s  b e t t e r *  
to  t h i n k  o f  t h e  m ethod a s  a  way o f  show ing up r e g i o n s  o f  h i g h  l o c a l  d i s t o r ­
t i o n  i n  th e  m o d e l .  F o l lo w in g  t h i s  t r e a t m e n t ,  F i g .  ( 5 .9 )  i l l u s t r a t e s  t h a t  
t h e r e  a r e  a  number o f  l o c a l i z a t i o n s  o f  Te d g e T component o f  th e  B u rg e rs  
v e c t o r  a lo n g  [ i l l ] ,  and s i m i l a r l y  i n  F i g s .  ( 5 .1 0 )  and ( 5 . 1 1 ) ,  w h ich  show 
th e  c o r r e s p o n d in g  r e s u l t s  f o r  and J 2 . U sing  e l a s t i c i t y  t h e o r y ,  t h e  
r e s u l t  would b e  a d i s t r i b u t i o n  w i t h  a  s i n g l e  p e a k  a t  t h e  c e n t r e  o f  t h e  
d i s l o c a t i o n  c o r e .
5 .4  V a c a n c y - D is lo c a t io n  I n t e r a c t i o n s
The i n t e r a c t i o n  e n e rg y  o f  a  s i n g l e  v a c a n c y  and a d i s l o c a t i o n  i s  c a l c u ­
l a t e d  i n  a  s i m i l a r  m anner t o  t h a t  o u t l i n e d  i n  th e  p r e v i o u s  c h a p t e r  f o r  t h e  
v a c a n c y - tw in  b o u n d a ry  i n t e r a c t i o n s .  D e n o t in g  th e  e n e rg y  o f  th e  m odel c o n t a i n ­
in g  th e  d i s l o c a t i o n  E ^+^ ,  th e  e n e rg y  a s s o c i a t e d  w i t h  th e  d i s l o c a t i o n  c a n  be
D P+D P Pd e f in e d  as  E = E -  E , where  E i s  th e  e n e rg y  o f  t h e  e q u i v a l e n t  p e r f e c t
c r y s t a l .  Thus, i f  th e  e n e rg y  o f  th e  m odel c o n t a i n i n g  b o th  th e  d i s l o c a t i o n  and
p+J)+y jyy
t h e  v a c a n c y  i s  E , th e  i n t e r a c t i o n  e n e rg y  E^ . b e tw e en  a v a c a n c y  and  th e  
d i s l o c a t i o n  c a n  b e  w r i t t e n  as
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E DV EP+D+V ( 5 .7 )I
F o r  e a c h  v a c an c y  l o c a t i o n  r e l a t i v e  t o  th e  d i s l o c a t i o n ,  a  v a l u e  o f
p+D+V # #
E i s  o b t a i n e d  from  th e  s i m u l a t i o n ,  and th e  i n t e r a c t i o n  e n e rg y  th e n
c a l c u l a t e d  from  ( 5 . 7 ) .
A th o ro u g h  i n v e s t i g a t i o n  o f  th e  v a c a n c y - d i s l o c a t i o n  i n t e r a c t i o n s  
c l e a r l y  r e q u i r e s  c a l c u l a t i o n s  f o r  a v e r y  l a r g e  number o f  v a c a n c y  p o s i t i o n s ,  
and i f ,  a s  i n  th e  p r e s e n t  s t u d y ,  th e  m odel i s  a l lo w e d  to  r e l a x  anew f o r  
e a c h  p o s i t i o n ,  th e  r e q u i r e m e n ts  o f  com pute r  t im e  become r e s t r i c t i v e .  F o r  
t h e s e  r e a s o n s ,  o n ly  a  f r a c t i o n  o f  th e  v a c a n c y  p o s i t i o n s  c o u ld  b e  exam ined  
f o r  th e  p u r p o s e s  o f  t h i s  w ork , and th e y  were c h o se n  to  show th e  m o s t  
i m p o r ta n t  a s p e c t s  o f  th e  i n t e r a c t i o n s .  I n  a d d i t i o n ,  o n ly  one i n t e r a t o m i c  
p o t e n t i a l ,  J Q, was u s e d ,  b e i n g  t a k e n  a s  r e p r e s e n t a t i v e  o f  th e  o t h e r  b . c . c .  
p o t e n t i a l s .
The r e s u l t s  w hich  were o b t a i n e d  a r e  g iv e n  i n  F i g .  ( 5 . 1 2 ) .  I n  t h i s  
f i g u r e ,  t h e  p r o j e c t i o n  o f  th e  r e l a x e d  d i s l o c a t i o n  s t r u c t u r e  a lo n g  [ 1 1 2 ] 
i s  shown, w i th  th e  a to m ic  s i t e s  drawn w i th  open  sym bols i n d i c a t i n g  t h e  
v a c an c y  l o c a t i o n s .  The numbers above t h e s e  s i t e s  a r e  th e  v a c a n c y - d i s l o c a -  
t i o n  b i n d i n g  e n e r g i e s  (= “  E^P^) i n  eV, and s i n c e  th e y  a r e  a l l  p o s i t i v e *
t h i s  means t h a t  th e  i n t e r a c t i o n s  a r e  e v e ry w h ere  a t t r a c t i v e .  I n  t h e  c o m p r e s s iv e  
r e g i o n  o f  th e  d i s l o c a t i o n ,  above th e  s l i p  p l a n e ,  th e  b i n d in g  e n e r g i e s  a r e  
h i g h e r  th a n  th o s e  i n  th e  t e n s i l e  r e g i o n  b e lo w ,  a s  would be  e x p e c t e d  i n t u i t i ­
v e l y  on th e  b a s i s  o f  t h e  v a c a n c y  r e l i e v i n g  th e  s t r a i n  f i e l d  i . e .  t h e  ’ s i z e  
e f f e c t 1 i n t e r a c t i o n  w hich  was d i s c u s s e d  i n  C h a p te r  1. However, u s i n g  th e  same 
a rg u m e n t,  t h e r e  would be a chaitge i n  s i g n  o f  E ^ ^  i n  c r o s s i n g  t h e  s l i p  p l a n e ,  
and as  t h i s  i s  n o t  t h e  c a s e ,  th e  i n t e r a c t i o n s  a p p e a r  to  h a v e  an  amount 
o f  s e c o n d - o r d e r  1 in h o m o g e n e i ty 1 c h a r a c t e r  ( s e e  C h a p te r  1 ) .  The maximum
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b i n d in g  e n e rg y  of 0 .7 0  eV o c c u r s  w here  t h e  v a c a n c y  i s  l o c a t e d  i n  a 
p o s i t i o n  d i r e c t l y  above th e  c e n t r e  o f  th e  d i s l o c a t i o n .
A number o f  t h e  v a c a n c y  s i t e s  shown i n  F i g .  ( 5 .1 2 )  have  b e e n  
draw n w i th  bo x es  a round  them . When v a c a n c i e s  w ere  p l a c e d  a t  t h e s e  
s i t e s ,  th e  c e n t r e  o f  th e  d i s l o c a t i o n  moved i n  th e  s l i p  p l a n e  to w a rd s  
th e  v a c a n c y  i . e .  d i s l o c a t i o n  g l i d e  o c c u r r e d .  The d i s t a n c e  th ro u g h  
w hich  th e  d i s l o c a t i o n  moved v a r i e d  a c c o r d in g  to  t h e  p a r t i c u l a r  i n i t i a l  
v a c a n c y - d i s l o c a t i o n  s p e a r a t i o n ,  b u t  was a lw ays  l e s s  t h a n  two ( 1 1 1 ) i n t e r -  
p l a n a r  s p a c i n g s ,  F u r th e r m o r e ,  two s e p a r a t e  s i t u a t i o n s  a r o s e  a f t e r  t h i s  
movement; t h e  s t r u c t u r e  o f  th e  d i s l o c a t i o n  c o re  c o u ld  e i t h e r  r e m a in  s i m i l a r  
to  t h e  o r i g i n a l  r e l a x e d  s t r u c t u r e ,  o r  i t  c o u ld  ta k e  on a new c o n f i g u r a t i o n  
w hich  was n o t  found  i n  th e  a b se n c e  o f  t h e  v a c a n c y .  When th e  o r i g i n a l  c o re
s t r u c t u r e  r e s u l t e d ,  i t  was p o s s i b l e  to  c a l c u l a t e  an  a p p ro x im a te  v a l u e  f o r
th e  i n t e r a c t i o n  e n e rg y  (e j D^ ) • S in c e  th e  e n e r g i e s  c a l c u l a t e d  i n  t h i s  way 
c o r r e s p o n d  to  th e  v a c a n c y - d i s l o c a t i o n  s e p a r a t i o n  a f t e r  t h e  d i s l o c a t i o n  
movement, t h e s e  a r e  shown i n  F i g .  ( 5 .1 2 )  a t  th e  p o s i t i o n s  o f  e q u i l i b r i u m
s e p a r a t i o n .  I n  th e  a l t e r n a t i v e  s i t u a t i o n ,  when th e  d i s l o c a t i o n  c o r e
s t r u c t u r e  ch an g ed ,  was n o t  c a l c u l a t e d  b e c a u s e  t h i s  r e q u i r e d  a  p r i o r
know ledge o f  E ^ ,  th e  e n e rg y  a s s o c i a t e d  w i th  t h e  u n s t a b l e  d i s l o c a t i o n .  
A l th o u g h  an  e s t i m a t e  o f  E^ may be  made by h o l d in g  th e  d i s l o c a t i o n  i n  t h e  
u n s t a b l e  c o n f i g u r a t i o n  and a r t i f i c i a l l y  r e s t r i c t i n g  th e  a to m ic  r e l a x a t i o n s  
d u r in g  th e  s i m u l a t i o n ,  t h e  e r r o r s  a r e  l a r g e ,  and  a  m e a n in g fu l  i n t e r a c t i o n  
e n e rg y  i s  n o t  o b t a i n e d .  H ence , th e  boxed  v a c a n c y  s i t e s  i n  F i g .  ( 5 .1 2 )  f o r  
w hich no i n t e r a c t i o n  e n e r g i e s  a r e  shown s im p ly  r e f l e c t  th e  n o n - e q u i l i b r i u m  
v a c a n c y - d i s l o c a t i o n  s e p a r a t i o n s .  .
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5 .5  D i s c u s s i o n
The r e s u l t s  p r e s e n t e d  i n  t h i s  c h a p t e r  o f  th e  t h e s i s  h a v e  b e e n  
d i v i d e d ,  f o r  t h e  s a k e  o f  c o n v e n ie n c e ,  i n t o  two s e c t i o n s .  I n  t h e  f i r s t  
of t h e s e  ( § 5 . 3 ) ,  th e  c o re  s t r u c t u r e  o f  th e  \  <111> {110} edge  d i s l o c a ­
t i o n  was shown to  have  a number o f  im p o r t a n t  c h a r a c t e r i s t i c s .  Thus, f o r  
a l l  t h e  t h r e e  p o t e n t i a l s ,  J Q, J j  and J ^ ,  th e  c o re  i s  e s s e n t i a l l y  c o n f in e d  
to  a  s i n g l e  ( 1 1 0 ) p l a n e ,  and i s  more w id e ly  s p r e a d  th a n  e l a s t i c i t y  t h e o r y  
p r e d i c t s .  I n  p a r t i c u l a r ,  t h e  d i s l o c a t i o n  c o re  w id th  a p p e a r e d  to  b e  a 
f u n c t i o n  o f  t h e  s t r e n g t h  o f  i n t e r a t o m i c  b i n d i n g  p ro d u c e d  by  t h e  p o t e n t i a l ;  
th e  w eaker  t h e  b i n d i n g ,  th e  g r e a t e r  t h e  c o re  w i d t h .  S i m i l a r l y ,  t h e  d i s p l a ­
cem ents  p ro d u c e d  p a r a l l e l  to  th e  d i s l o c a t i o n  l i n e  a r e  s i g n i f i c a n t l y  d i f f e ­
r e n t  from  th e  c o r r e s p o n d in g  e l a s t i c i t y  r e s u l t s .  I n  t h i s  c a s e ,  t h e  d i s p l a c e ­
m ents  o f  atoms above th e  s l i p  p l a n e  a r e  i n c r e a s e d  by up to  a  f a c t o r  o f  f o u r ,  
and be low  th e  s l i p  p l a n e ,  t h e r e  i s  a te n d e n c y  f o r  t h e  d i s p l a c e m e n t s  t o  change  
i n  s i g n  compared t o  t h e  e l a s t i c  s o l u t i o n .  A f u r t h e r  i n t e r e s t i n g  f e a t u r e  o f  t h e  
d i s l o c a t i o n  s t r u c t u r e  was r e v e a l e d  by  p l o t t i n g  th e  ’B u rg e rs  v e c t o r  d i s t r i b u ­
t i o n s ’ f o r  t h e  d i f f e r e n t  p o t e n t i a l s .  R a th e r  t h e n  h a v in g  j u s t  a  s i n g l e  p e a k ,  
t h e s e  d i s t r i b u t i o n s  showed t h a t  th e  B u rg e rs  v e c t o r  i s  l o c a l i z e d  i n  a  s e r i e s  
o f  p e a k s ,  w h ich  i m p l i e s  t h e  e x i s t e n c e  o f  d i s l o c a t i o n  s p l i t t i n g .  P e rh a p s  
th e  m o st  u n e x p e c te d  r e s u l t s  w hich  have  b e e n  o b t a i n e d  ho w ev er ,  a r e  t h e s e  
d e s c r i b e d  i n  §5 .4  f o r  th e  v a c a n c y - d i s l o c a t i o n  i n t e r a c t i o n s .  Here i t  was 
shown t h a t  t h e  a t t r a c t i v e  f o r c e s  w h ich  e x i s t  b e tw e e n  th e  d e f e c t s  c a n  c a u s e  
th e  d i s l o c a t i o n  t o  g l i d e  tow ards  th e  v a c a n c y ,  when th e  l a t t e r  i s  l o c a t e d  
i n  s p e c i f i c  p o s i t i o n s  i n  th e  s l i p  p l a n e .  T h is  c a n  b e  t a k e n  as  e v id e n c e  o f  
a  low P e i e r l s  s t r e s s ,  so  t h a t  u n l i k e  th e  |<111> sc re w  d i s l o c a t i o n ,  d r a s t i c  
changes  i n  th e  s t r u c t u r e  o f  th e  edge d i s l o c a t i o n  do n o t  h a v e  t o  o c c u r  b e f o r e  
g l i d e  c a n  p r o c e e d .  A no l e s s  im p o r t a n t  r e s u l t  i s  t h a t  t h e  v a c a n c i e s  a r e
a t t r a c t e d  on b o th  s i d e s  o f  th e  d i s l o c a t i o n  s l i p  p l a n e ,  w hich  shows c l e a r l y  
t h a t  t h e  in h o m o g e n e i ty  i n t e r a c t i o n  m echanism  i s  o p e r a t i v e .
As m e n t io n e d  i n  § 5 .1 ,  a number o f  a u t h o r s  have  p r e v i o u s l y  s t u d i e d  
th e  \ < 1 1 1 > { 1 1 0 } edge d i s l o c a t i o n  i n  com pute r  m odels  o f  b . c . c .  m e t a l s .
I n  th e  e a r l y  w orks o f  Chang and Graham ( 1 9 6 6 ) ,  and S c h i f fg e n s  and  G a r r i s o n  
(1 9 7 2 ) ,  t h e  p r im a ry  aim  o f  th e  s i m u l a t i o n s  was to  o b t a i n  v a l u e s  f o r  th e  
d i s l o c a t i o n  c o re  r a d i u s  and e n e r g y ,  r e l a t i v e l y  l i t t l e  w e ig h t  b e i n g  a t t a c h e d  
to  p r e s e n t i n g  th e  d e t a i l s  o f  th e  a to m ic  s t r u c t u r e .  On t h e  o t h e r  h a n d ,  
Yamaguchi and V i t e k  (1 9 7 3 ) ,  and de H osson and S leesw yk (1975) have  p l a c e d  
much g r e a t e r  em phas is  on t h e  s t r u c t u r e  of th e  c o re  r e g i o n ,  and i t  i s  w i t h  
t h e s e  w orks t h a t  th e  p r e s e n t  r e s u l t s  c a n  b e s t  be  com pared . De H osson and  
Sleesw yk exam ined  th e  d i s p l a c e m e n ts  o f  atoms i n  p l a n e s  a d j a c e n t  t o  th e  
d i s l o c a t i o n  s l i p  p l a n e  i n  b o th  th e  [ i l l ]  and [ 1 1 2 ] d i r e c t i o n s  f o r  s e v e r a l  
d i f f e r e n t  b . c . c .  p o t e n t i a l s ,  and t h e i r  r e s u l t s  a r e  p l o t t e d  i n  a  s i m i l a r  way 
to  th o s e  g i v e n 'h e r e  i n  F i g s .  ( 5 .3 )  to  ( 5 . 5 ) .  D e s p i te  th e  u s e  o f  d i f f e r e n t  
p o t e n t i a l s ,  th e  r e s u l t s  a g re e  w e l l ,  showing, a  w id e n in g  o f  th e  d i s l o c a t i o n  
c o re  a lo n g  [ 1 1 1 ] ,  and i n c r e a s e d  d i s p l a c e m e n ts  p a r a l l e l  t o  [ 1 1 2 ] com pared  to  
th e  e l a s t i c  s o l u t i o n .  Yamaguchi and V i t e k  h a v e  g iv e n  a more d e t a i l e d  d e s c r i p  
t i o n  o f  t h e i r  s t r u c t u r a l  r e s u l t s ,  w hich w ere  o b t a i n e d ,  a n a lo g o u s l y  t o  t h e  
p r e s e n t  s t u d y ,  f o r  a  s e r i e s  o f  a - i r o n  p o t e n t i a l s  i n c l u d i n g  th e  J j  and 
p o t e n t i a l s  u s e d  h e r e .  U s ing  th e  d i f f e r e n t i a l  d i s p l a c e m e n t  m apping  and 
B u rg e rs  v e c t o r  d i s t r i b u t i o n  m ethods o f  p r e s e n t i n g . th e  r e s u l t s ,  t h e y  c o n f i r m  
t h a t  th e  d i s l o c a t i o n  c o re  i s  p l a n a r ,  and show t h a t  th e  B u rg e rs  v e c t o r  i s  
d i s t r i b u t e d  i n t o  a  s e r i e s  o f  l o c a l i z a t i o n s ,  e a c h  o f  w h ich  h a s  b o t h  e d g e  and  
sc rew  c h a r a c t e r .  The l o c a l i z a t i o n s  o f  B u rg e rs  v e c t o r  a r e  i n t e r p r e t e d  as  a  
d i s s o c i a t i o n  i n t o  a  s e r i e s  o f  p a r t i a l ,  o r  ’ f r a c t i o n a l *  d i s l o c a t i o n s .  The 
te rm  ’ f r a c t i o n a l ’ i s  u se d  i n  o r d e r  to  a v o id  c o n f u s i o n  w i t h  t h e  c o n v e n t i o n a l
m eaning  o f  a  p a r t i a l  d i s l o c a t i o n  w hich  i s  t h e  l i n e  b o u n d in g  a r ib b o n  
o f  s t a b l e  s t a c k i n g  f a u l t .  S t a c k in g  f a u l t s  a r e  u n s t a b l e  i n  b . c . c .  m e t a l s ,  
and i n  a d d i t i o n ,  th e  s i z e  o f  th e  f r a c t i o n a l  d i s l o c a t i o n s  i s  d e p e n d e n t  on 
i n t e r a t o m i c  p o t e n t i a l  u s e d .  F o r  t h e s e  r e a s o n s ,  i t  i s  n o t  p o s s i b l e  to  g iv e  
a  u n iq u e  e q u a t i o n  f o r  th e  d i s s o c i a t i o n  r e a c t i o n ,  a l t h o u g h  p r o p o s a l s  have  
b e e n  p u t  f o rw a r d ,  such  a s  t h a t  o f  C r u s s a r d  (1961) and Cohen e t  a l .  (1962)
i . e .  |  [ 1 1 1 ]  |  [ 1 1 0 ]  +  |  [ 1 1 2 ]  +  |  [ 1 1 0 ]  .  ( 5 . 8 )
O n c e -a g a in ,  t h e  ag re e m e n t  w i th  th e  c u r r e n t  work i s  v e r y  good, a l t h o u g h  i n  
t h e  p r e s e n t  c a s e ,  th e  r e s u l t s  i n d i c a t e  t h a t  t h e  s p l i t t i n g  i s ,  i n  g e n e r a l  
i n t o  f o u r  f r a c t i o n a l s  i . e .  two p a i r s ,  r a t h e r  t h a n  t h e  t h r e e  n o te d  by 
Yamaguchi and V i t e k .  R e f e r r i n g  to  F i g s .  ( 5 .9 )  to  ( 5 . 1 1 ) ,  t h e  s e p a r a t i o n  
o f  t h e  in n e r m o s t  p a i r  o f  f r a c t i o n a l s  d e c r e a s e s  w h i le  t h a t  o f  t h e  o u tm o s t  
p a i r  i n c r e a s e s ,  a s  t h e  p o t e n t i a l  i s  changed  from  J Q to  J ^ ,  so t h a t  f o r  
the  p o s i t i o n s  o f  t h e  i n n e r  f r a c t i o n a l s  o v e r l a p .
U n f o r t u n a t e l y ,  no r e s u l t s  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  f o r  d i r e c t  
c o m p ar iso n  w i th  t h e  v a c a n c y - d i s l o c a t i o n  i n t e r a c t i o n  r e s u l t s  p r e s e n t e d  i n  
§ 5 .4 .  I n d e e d ,  t h e  o n ly  c o m p a rab le  s tu d y  t o  h av e  b e e n  r e p o r t e d  i s  t h a t  o f  
B u llo u g h  and P e r r i n  (1 9 6 8 b ) ,  who i n v e s t i g a t e d  v a c a n c y  i n t e r a c t i o n s  w i th  t h e  
<100> edge d i s l o c a t i o n  u s in g  t h e  J Q p o t e n t i a l .  T h e i r  r e s u l t s  show t h a t  t h e  
i n t e r a c t i o n s  a r e  a t t r a c t i v e  and have  v e r y  l i t t l e  a n g u la r  d e p e n d e n c e ,  w h ich  
i s  c o n s i s t e n t  w i t h  th e  s e c o n d - o r d e r  in h o m o g e n e i ty  m echanism , and t h a t  t h e r e  
i s  a maximum v a c a n c y - d i s l o c a t i o n  b in d in g  e n e rg y  o f  0 .6 9  eV. C l e a r l y ,  t h i s  
compares v e ry  f a v o u r a b l y  w i t h  th e  r e s u l t s  w hich  a r e  r e p o r t e d  h e r e ,  e v e n  th ough  
th e  B u rg e rs  v e c t o r s  o f  t h e  two d i s l o c a t i o n s  a r e  d i f f e r e n t .  However, v a c a n c y -  
in d u ce d  d i s l o c a t i o n  g l i d e  was n o t  n o te d  by  t h e s e  a u t h o r s ,  o r  i n  any o f  t h e  
o t h e r  w orks on v a c a n c y - d i s l o c a t i o n  i n t e r a c t i o n s  i n  o t h e r  sy s te m s  ( e . g .  P e r r i n
e t  a l . ,  1972; S c h i f f g e n s  and A sh to n ,  1 9 7 4 ) .  The r e a s o n  f o r  t h i s  i s  
p re su m a b ly  t h a t  i n  t h e  c a s e  o f  th e  { <1 1 1 > {1 1 0 } edge  d i s l o c a t i o n  i n  
b . c . c .  m e t a l s ,  th e  h e i g h t  o f  t h e  P e i e r l s  b a r r i e r  f o r  d i s l o c a t i o n  movement 
i s  low i n  c o m p a r iso n  t o  t h e  v a c a n c y  m i g r a t i o n  e n e r g y .  A l th o u g h  v a l u e s  
f o r  th e  v a c a n c y  m i g r a t i o n  e n e rg y  i n  t h e  v i c i n i t y  o f  th e  d i s l o c a t i o n  h a v e  
n o t  b e e n  c a l c u l a t e d ,  an  e s t i m a t e  o f  t h e  P e i e r l s  e n e rg y  b a r r i e r  c a n  b e  
made from  V i t e k  and Yamaguchi's (1973) r e s u l t s .  F o r  J Q, a  v a l u e  o f  a b o u t  
3 x 1 0 5eV cm 1 i s  o b t a i n e d  i n  t h i s  way, so t h a t  f o r  th e  model s i z e  u s e d  
h e r e ,  an  e n e rg y  b a r r i e r  o f  a p p r o x im a te ly  0 .0 6  eV ‘i s  c a l c u l a t e d ,  and  t h i s  
i s  an  o r d e r  o f  m a g n i tu d e  lo w e r  th a n  th e  v a c a n c y  m i g r a t i o n  e n e rg y  b a r r i e r  
f o r  an  u n s t r e s s e d  c r y s t a l .
I t  i s  . i n t e r e s t i n g  t o  n o t e  t h a t  t h e r e  i s  a c o r r e l a t i o n  b e tw e e n  th e  
s t r u c t u r a l  r e s u l t s  f o r  th e  p o t e n t i a l ,  and th e  c o r r e s p o n d in g  v a c a n c y  
i n t e r a c t i o n  r e s u l t s . .  The l i m i t s  o f  t h e  zone d e f i n e d  i n  F i g .  ( 5 .1 2 )  w i t h i n  
w hich  d i s l o c a t i o n  g l i d e  o c c u r s  a r e  i n  t h e  same p o s i t i o n s  as  t h e  f r a c t i o n a l  
d i s l o c a t i o n s  s e e n  i n  F i g .  ( 5 . 9 ) .  R e f e r r i n g  t h e n  to  F i g s .  ( 5 .1 0 )  and ( 5 . 1 1 ) ,  
t h i s  would  im ply  t h a t  i f  t h e  v a c a n c y - d i s l o c a t i o n  i n t e r a c t i o n s  w e re  s t u d i e d  
f o r  t h e  and p o t e n t i a l s ,  d i s l o c a t i o n  g l i d e  w ould  o c c u r  f o r  somewhat 
l a r g e r  i n t e r d e f e c t  s e p a r a t i o n s .
F i n a l l y ,  a p a r t  f rom  th e  e r r o r s  c o n n e c te d  w i t h  th e  s i m u l a t i o n  o f  t h e  
v a c an c y  ( s e e  C h a p te r  3 ) ,  a  f u r t h e r  p o s s i b l e  s o u r c e  o f  e r r o r  was i n t r o d u c e d  
i n  th e  d i s l o c a t i o n  s i m u l a t i o n s  by  th e  b o u n d a ry  c o n d i t i o n s  o f  t h e  m o d e ls .  
S in c e  th e  p o s i t i o n s  o f  atom s i n  th e  r i g i d  b o u n d a ry  r e g i o n s  w e re  c a l c u l a t e d  
from  l i n e a r  e l a s t i c i t y  t h e o r y ,  th e  e f f e c t  m e n t io n e d  i n  §5 . 1  o f  n o n - l i n e a r  
c o re  e f f e c t s  p r o d u c in g  a d d i t i o n a l  l i n e a r  e l a s t i c  f i e l d s  i n  t h e  b o u n d a ry  
r e g io n s  was n o t  a c c o u n te d  f o r .  However, i t  i s  f e l t  t h a t  t h e  e r r o r s  i n t r o ­
duced by  t h i s  a r e  n e g l i g i b l e ,  b e c a u s e  t h e  m odels  u s e d  w ere  v e r y  l a r g e ,  and
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changes  i n  t h e  a to m ic  c o n f i g u r a t i o n  o f  th e  d i s l o c a t i o n  w i t h  m odel s i z e  
n e a r  th e  w o rk in g  d im e n s io n s  c o u ld  n o t  be d e t e c t e d .
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CHAPTER 6  
GENERAL DISCUSSION AND CONCLUSIONS
6 .1  D i s c u s s i o n
The r e s u l t s  w h ich  have  b e e n  p r e s e n t e d  i n  t h i s  t h e s i s  a r e ,  to  th e  
a u t h o r 1s k now ledge , th e  f i r s t  o f  t h e i r  k i n d ,  and r e p r e s e n t  w ha t  m ust  be 
c o n s id e r e d  as v e r y  a m b i t io u s  u se  o f  com puter  s i m u l a t i o n  t e c h n i q u e s .  F o r  
t h i s  r e a s o n ,  b e f o r e  any o f  t h e s e  r e s u l t s  c a n  b e  f u l l y  a s s e s s e d ,  a  c r i t i c a l  
a n a l y s i s  o f  th e  l i m i t a t i o n s  o f  th e  t e c h n iq u e  m ust  f i r s t  be  g i v e n .
As s t a t e d  i n  C h a p te r  2 , t h e  g r e a t e s t  l i m i t a t i o n  o f  th e  p r e s e n t  
m ethod , and in d e e d  o f  any o t h e r  a t o m i s t i c  s i m u l a t i o n  m eth o d ,  i s  th e  i n t e r ­
a to m ic  p o t e n t i a l .  The p o t e n t i a l  p r o v id e s  th e  fu n d a m e n ta l  d e s c r i p t i o n  o f  th e  
a to m ic  i n t e r a c t i o n s ,  and fo rm s th e  b a s i s  f o r  b o th  th e  s t r u c t u r a l  and e n e r g e t i c  
r e s u l t s .  A lth o u g h  th e  p o t e n t i a l s  u se d  i n  t h i s  work w ere  a l l  w e l l - e s t a b l i ­
shed  and c o n s id e r e d  r e l i a b l e  f o r  d e f e c t  c a l c u l a t i o n s ,  th e y  a r e  p a r t i c u l a r l y  
s im p l e ,  b e in g  b a s e d  upon a c e n t r a l  f o r c e ,  two-body a p p r o x im a t io n .  By t h e i r  
n a t u r e ,  th e y  a r e  e m p i r i c a l  p o t e n t i a l s ,  b e i n g  c o n s t r a i n e d  i n  t h e i r  c o n s t r u c t i o n  
to  r e p r o d u c e  c e r t a i n  known p h y s i c a l  p r o p e r t i e s  o f  t h e  m e ta l  w h ich  th e y  m o d e l .  
The e x t r a p o l a t i o n  i s  th e n  made by  s a y in g  t h a t  th e  same p o t e n t i a l s  c a n  p r o v i d e  
an a d e q u a te  d e s c r i p t i o n  o f  o t h e r  p r o p e r t i e s  of  t h e s e  m e t a l s ,  i . e .  th e  
p r o p e r t i e s  r e l a t i n g  t o  th e  p a r t i c u l a r  d e f e c t  u n d e r  i n v e s t i g a t i o n .  I n c lu d e d  
i n  th e  u n c e r t a i n t i e s  c o n n e c te d  w i th  t h i s  e x t r a p o l a t i o n  a r e  t h e  e f f e c t s  due 
to  e l e c t r o n  r e d i s t r i b u t i o n  a ro u n d  th e  d e f e c t ,  no a c c o u n t  o f  w h ich  c a n  be  
t a k e n .  The e x t e n t  to  w hich  s p e c i f i c  r e s u l t s  may be p o t e n t i a l - d e p e n d e n t  h a s  
t h e r e f o r e  t o  be  b o rn e  i n  m ind . Jo h n so n  (1969) and de P ino  e t  a l .  (1970) h av e  
c a r r i e d  o u t  s t u d i e s  s p e c i f i c a l l y  t o  d e te r m in e  th e  s e n s i t i v i t y  o f  p o i n t  d e f e c t  
c a l c u l a t i o n s  t o  th e  c h o ic e  o f  p o t e n t i a l  f o r  b o th  b . c . c .  and f . c . c .  m e t a l s .
From p u r e l y  e n e r g e t i c  c o n s i d e r a t i o n s ,  t h e i r  g e n e r a l  c o n c lu s io n s  a r e  
t h a t  i n t e r s t i t i a l ' p r o p e r t i e s  a r e  h i g h l y  p o t e n t i a l - d e p e n d e n t ,  w h e reas  
th e  c o r r e s p o n d in g  v a c a n c y  p r o p e r t i e s  show a much low er  o v e r a l l  s e n s i t i ­
v i t y .  S i m i l a r  i n v e s t i g a t i o n s  c a r r i e d  o u t  f o r  tw in  b o u n d a r i e s  (B e v is  and 
V i t e k ,  1970; B r i s to w e  and C r o c k e r ,  1975) and d i s l o c a t i o n s  ( V i te k  e t  a l . ,
1970; Jam aguch i and V i t e k ,  1973) i n  b . c . c .  m e ta l s  have  shown t h a t ,  a l t h o u g h  
th e  e n e r g i e s  o f  t h e s e  d e f e c t s  can  v a r y  m ark e d ly  w i th  p o t e n t i a l ,  th e  b a s i c  
s t r u c t u r a l  f e a t u r e s  a r e  r e t a i n e d  i n  a l l  c a s e s .  D i f f i c u l t i e s  su c h  a s  t h e s e  
w ere  overcome i n  t h e  p r e s e n t  work by  u s in g  a s e r i e s  o f  p o t e n t i a l s ,  r a t h e r  
th a n  j u s t  a  s i n g l e  p o t e n t i a l  to  i n v e s t i g a t e  th e  v a r i o u s  s t r u c t u r a l  and i n t e r ­
a c t i o n  e n e rg y  d e t a i l s .  Any s p u r i o u s  r e s u l t s  w h ich  a r o s e  d u r in g  th e  c o u r s e  o f  
th e  work c o u ld  t h e n  be r e a d i l y  i d e n t i f i e d ,  and by in t e r c o m p a r i n g  th e  r e s u l t s  
f o r  th e  d i f f e r e n t  p o t e n t i a l s ,  g e n e r a l  t r e n d s  common to  b . c . c .  m e t a l s  a s  a  
whole  c o u ld  be e s t a b l i s h e d .
The o n ly  o t h e r  i n h e r e n t  l i m i t a t i o n  o f  t h e  com puter  s i m u l a t i o n  t e c h n iq u e  
u se d  t o  o b t a i n  th e  r e s u l t s  g iv e n  h e r e  i s  t h a t  th e  s i m u l a t i o n s  w ere  e f f e c t i v e l y  
c a r r i e d  o u t  a t  a b s o l u t e  z e ro  t e m p e r a t u r e .  The r e s u l t s  w h ich  t h i s  a f f e c t s  
m ost d i r e c t l y  a r e  th e  v a c an c y  m i g r a t i o n  r e s u l t s  o f  C h a p te r  3 and  4 .  The p r o c e s s  
o f  v a c a n c y  m i g r a t i o n  i n  a  r e a l  c r y s t a l  i s  dynam ic ,  and i s  c o n t r o l l e d  by  th e  
p r o b a b i l i t y  o f  an  a tom , w hich  i s  v i b r a t i n g  a b o u t  i t s  l a t t i c e  s i t e ,  r e c e i v i n g  
s u f f i c i e n t  e n e rg y  t o  su rm oun t  an e n e rg y  b a r r i e r  and jump to  a n  a d j a c e n t  
v a c a n t  s i t e .  At any  g iv e n  p o i n t  i n  t im e ,  th e  e x a c t  p o s i t i o n s  and  v e l o c i t i e s  
of a l l  th e  a tom s s u r r o u n d in g  th e  d e f e c t  w i l l  b e  c r u c i a l  i n  d e t e r m i n in g  w h e th e r  
or  n o t  th e  m i g r a t i o n  s t e p  can  p r o c e e d .  T h is  i s  c l e a r l y  a  v e r y  c o m p l ic a t e d  
many-body p ro b le m , and any m ethod o f  c a l c u l a t i n g  a  v a lu e  f o r  th e  m i g r a t i o n  
e n e rg y  m ust  b e  a p p ro x im a te .  As i t  s t a n d s ,  th e  m ethod u se d  i n  th e  p r e s e n t  
s tu d y  i s  p r o b a b l y  th e  b e s t  a v a i l a b l e  f o r  such  c a l c u l a t i o n s .  D ynam ica l  s irnu-
l a t i o n s ,  o f  t h e  s o r t  p e r fo rm e d  by  C o t t e r i l l  e t  a l .  (1972; 1 9 7 4 ) ,  c e r t a i n l y  
go p a r t  o f  t h e  way to w a rd s  a s o l u t i o n  o f  t h i s  p ro b le m , how ever t h e  a p p l i ­
c a b i l i t y  o f  p o t e n t i a l s  d e v e lo p e d  f o r  c r y s t a l s  i n  s t a t i c  e q u i l i b r i u m  to  
t h e s e  s t u d i e s  becomes v e r y  d o u b t f u l .  N e v e r t h e l e s s ,  i n  t h a t  tw in n in g  i s  
a  low t e m p e r a tu r e  d e f o r m a t io n  mode i n  b . c . c .  m e t a l s ,  and s i n c e  t h e  f o r ­
m a t io n  and  m i g r a t i o n  e n e r g i e s  o f  v a c a n c i e s  a r e  th o u g h t  to  h av e  o n ly  a 
v e ry  weak t e m p e r a tu r e  dependence  (S e e g e r  and M eh re r ,  1 9 7 0 ) ,  t h e  p r e s e n t  
m o d e ls ,  a t  l e a s t  i n  t h i s  r e s p e c t ,  a r e  a p p r o p r i a t e .
B ecause  o f  t h e  l i m i t a t i o n s  d e s c r i b e d  ab o v e ,  th e  e m phas is  t h r o u g h ­
o u t  t h e  t h e s i s  h a s  n o t  b e e n  p l a c e d  on th e  a b s o l u t e  m a g n i tu d e s  o f  t h e  
e n e r g i e s  w hich  h a v e  b e e n  d i s c u s s e d ,  b u t  r a t h e r  on th e  v a r i a t i o n  o f  t h e s e  
e n e r g i e s  w i th  b o th  a p p l i e d  s t r e s s  and i n t e r d e f e c t  s e p a r a t i o n .  A l th o u g h  
th e  i n d i v i d u a l  e n e r g i e s  do p r o v id e  o r d e r  o f  m ag n i tu d e  e s t i m a t e s  as to  t h e i r  
s i z e ,  t h e  e n e rg y  v a r i a t i o n s  a r e  e x p e c te d  to  g iv e  a  more a c c u r a t e  d e s c r i p t i o n  
o f  t h e  r e a l  p h y s i c a l  s y s te m .
In  C h a p te r  3 , v a r i o u s  p r o p e r t i e s  o f  v a c a n c i e s  and d i v a c a n c i e s  w ere  
exam ined i n  m odels  s u b j e c t e d  to  c o n t r o l l e d ,  homogeneous s t r e s s e s .  A compa­
r i s o n  o f  t h e  r e s u l t s  o f  t h i s  c h a p t e r  w i th  th o s e  o f  C h a p te rs  4 and 5 ,  w here  t h e  
same p r o p e r t i e s  were i n v e s t i g a t e d  f o r  t h e s e  d e f e c t s  n e a r  t h e  {1 1 2 } tw in  
b o u n d a r i e s  and th e  $ <1 1 1 > { 1 1 0 } edge  d i s l o c a t i o n ,  y i e l d s  a  number o f  i n t e ­
r e s t i n g  c o n c l u s i o n s .  F o r  ex am p le ,  c o n s id e r  t h e  v a c a n c y  m i g r a t i o n  r e s u l t s  
p r e s e n t e d  i n  C h a p te r s  3 and  4 .  I n  an  u n s t r e s s e d ,  o t h e r w i s e  p e r f e c t  m o d e l ,  
t h e  m i g r a t i o n  e n e rg y  f o r  a  s i n g l e  v a c a n c y  was shown t o  be 0 .6 8  eV u s in g  
th e  J Q p o t e n t i a l .  Through th e  a p p l i c a t i o n  o f  an  hom ogeneous, e x t e r n a l  s t r e s s ,  
th e  maximum change i n  t h i s  v a l u e  o f  w h ich  was o b t a i n e d  was 0 . 1  eV, f o r  a  
c o m p re s s iv e  u n i a x i a l  s t r e s s  o f  7 .6 8  G Pa a c t i n g  p a r a l l e l  to  t h e  jump d i r e c t i o n  
( s e e  § 3 . 3 . 2 ) .  F o r  th e  same jump i n  an  u n s t r e s s e d  m odel ,  n e a r  a  r e f l e c t i o n
ty p e  o f  tw in  b o u n d a ry ,  th e  c o r r e s p o n d in g  changes  i n  E^Y c o u ld  b e  as  
l a r g e  as  0 .4 7  eV ( s e e  § 4 . 3 . 3 ) .  B e a r in g  i n  mind t h a t  th e  u n i a x i a l  s t r e s s  
i s  v e r y  l a r g e ,  th e  d i f f e r e n c e  b e tw e en  th e  two s i t u a t i o n s  i s  m arked , 
p a r t i c u l a r l y  when th e  e f f e c t s  on d i f f u s i o n  r a t e ,  w hich  depends  exponen­
t i a l l y  upon ( s e e  e . g .  F ly n n ,  1 9 7 2 ) ,  a r e  c o n s i d e r e d .  The e x p l a n a t i o n  
f o r  t h i s  d i f f e r e n c e  l i e s  i n  th e  d e g re e  o f  d i s t o r t i o n  o f  t h e  l o c a l  e n v i ­
ronm ent o f  th e  m i g r a t i o n  p a t h .  Thus, a l t h o u g h  th e  u n i a x i a l  s t r e s s  i s  
l a r g e ,  th e  a to m ic  a r ra n g e m e n t  i n  t h e  v i c i n i t y  o f  a  tw in  b o u n d a ry  i s  t h e  
more h i g h l y  d i s t o r t e d .  T h is  s u g g e s t s  t h a t  ch an g es  i n  m i g r a t i o n  c h a r a c t e ­
r i s t i c s  s h o u ld  be  a p p a r e n t  n e a r  any d e f e c t  w hich  s u f f i c i e n t l y  d i s t u r b s  
th e  l o c a l  c r y s t a l  s t r u c t u r e .
The v a c a n c y - tw in  b o u n d a ry  and - d i s l o c a t i o n  i n t e r a c t i o n  r e s u l t s  o f  
C h a p te rs  4 and  5 were p r e s e n t e d  i n  t h e  fo rm  o f  i n t e r a c t i o n  e n e r g i e s .  These 
e n e r g i e s  w ere  d e te r m in e d ,  i n  e f f e c t ,  from  th e  c hanges  i n  t h e  e n e rg y  o f  t h e  
model sy s te m  as  t h e  i n t e r a c t i n g  d e f e c t s  w ere  b r o u g h t  t o g e t h e r .  I n  o r d e r  to  
a l lo w  a  more d i r e c t  co m p a r iso n  to  be  made w i t h  th e  r e s u l t s  o f  C h a p te r  3 ,  a  
d i f f e r e n t  i n t e r p r e t a t i o n  o f  t h e  i n t e r a c t i o n  p r o c e s s  i s  more u s e f u l .  I n s t e a d  
o f  u s in g  a s e p a r a t e  e n e rg y  to  d e s c r i b e  t h e  i n t e r a c t i o n  s t a t e ,  t h e  p r o c e s s  
can  be  th o u g h t  o f  as t h e  p e r t u r b a t i o n  o f  E^, th e  e n e rg y  a s s o c i a t e d  w i t h  t h e  
v a c a n c y ,  as th e  d e f e c t s  a r e  b r o u g h t  t o g e t h e r  i . e .  t h e  p r o c e s s  i s  c o n s i d e r e d  
i n  te rm s  o f  th e  change i n  v a c an c y  f o r m a t i o n  e n e rg y  f o r  d i f f e r e n t  p a r t s  o f  
th e  c r y s t a l .  I n  t h i s  way, when a v a c a n c y  i s  form ed a d j a c e n t  t o  a  f u l l y  
r e l a x e d  r e f l e c t i o n  tw in  b o u n d a ry  i n  a - i r o n ,  E^ i s  2 .7 7  eV, and  f o r  t h e  c o r r e s ­
p o n d in g  i s o s c e l e s  tw in  b o u n d a ry  c a s e ,  E^ t a k e s  a  v a lu e  o f  2 .7 1  eV. S i m i l a r l y ,  
f o r  a  v a c a n c y  n e a r  a  \  <1 1 1 > {1 1 0 } edge  d i s l o c a t i o n  i n  a - i r o n ,  E^ c a n  b e  r e d u c e d  
from  i t s  u n s t r e s s e d  p e r f e c t  c r y s t a l  v a lu e  o f  2 .9 0  eV by a s  much a s  0 . 7  eV.
Once a g a i n ,  t h e s e  changes ' in  b e h a v io u r  a r e  more s i g n i f i c a n t  f o r  v a c a n c i e s
n e a r  t h e  e x te n d e d  d e f e c t s  t h a n  th e y  a r e  f o r  t h e  same d e f e c t s  i n  o th e r w i s e  
p e r f e c t  c r y s t a l s  s u b j e c t e d  t o  l a r g e  homogeneous s t r e s s e s .
F o l lo w in g  on from  t h e  d i s c u s s i o n  ab o v e ,  i t  i s  p o s s i b l e  to  g iv e  a t h i r d  
i n t e r p r e t a t i o n  to  th e  v a c a n c y - d i s l o c a t i o n  i n t e r a c t i o n  r e s u l t s .  When th e  
v a c a n c y  i s  l o c a t e d  a t  i t s  m ost  t i g h t l y - b o u n d  p o s i t i o n ,  a t  t h e  c e n t r e  o f  
t h e  d i s l o c a t i o n  c o re  im m e d ia te ly  above th e  s l i p  p l a n e , t h i s  i s  e q u i v a l e n t  
to  h a v in g  c r e a t e d  a d o u b le  j o g  on th e  d i s l o c a t i o n .  H ence, t h e  v a c a n c y -  
d i s l o c a t i o n  i n t e r a c t i o n  e n e rg y  f o r  t h i s  p a r t i c u l a r  c a s e  c a n  be  i n t e r p r e t e d  
as th e  e n e rg y  r e q u i r e d  to  fo rm  t h e  two jo g s  on th e  d i s l o c a t i o n  p l u s  a  te rm  
to  a c c o u n t  f o r  t h e i r  m u tu a l  i n t e r a c t i o n .  I n  p r i n c i p l e  t h e r e f o r e ,  i t  i s  
p o s s i b l e  to  o b t a i n  e s t i m a t e s  o f  th e  f o r m a t i o n  e n e r g i e s  o f  j o g s  from  r e s u l t s  
of  t h i s  k i n d ,  and so f i l l  i n  many of t h e  gaps l e f t  by  t h e  t r e a t m e n t  o f  t h i s  
phenomenon u s in g  e l a s t i c i t y  t h e o r y  ( s e e  e . g .  C ro c k e r  and B acon , 1 9 6 7 ) .  A t 
p r e s e n t ,  r e l i a b l e  v a l u e s  f o r  th e  jo g  f o r m a t i o n  e n e rg y  f o r  t h i s  edge  d i s l o c a ­
t i o n  can  n o t  be o b t a i n e d  from  th e  r e s u l t s ,  s i n c e  th e  m u tu a l  i n t e r a c t i o n  te rm  
f o r  th e  j o g s  i s  unknown. However, by p l a c i n g  a row o f  s e v e r a l  v a c a n c i e s  a lo n g  
th e  d i s l o c a t i o n  l i n e ,  and ex a m in in g  th e  r e s u l t a n t  e n e rg y  c h a n g e s ,  i t  s h o u ld  
be p o s s i b l e  to  a s s e s s  th e  m ag n i tu d e  o f  t h i s  t e rm ,  and p e r m i t  an  a c c u r a t e  
c a l c u l a t i o n  o f  th e  f o r m a t i o n  e n e rg y  to  be m ade.
As y e t ,  no d i s c u s s i o n  h a s  b e e n  g iv e n  o f  r e s u l t s ,  r e l e v a n t  t o  th e  p r e s e n t  
work, t h a t  have  b e e n  o b t a i n e d  by  a u th o r s  u s in g  th e  m ethod o f  l a t t i c e  s t a t i c s  
(K a n z ak i ,  1 9 5 7 ) .  The r e a s o n  f o r  t h i s  i s  s im p ly  t h a t  such  r e s u l t s  a r e  n o t  
a v a i l a b l e  f o r  c o m p a r iso n  i n  m ost c a s e s ,  s i n c e  th e  u s e  o f  t h e  m ethod i s  
r e s t r i c t e d  o n ly  to  th o s e  d e f e c t  c o n f i g u r a t i o n s  w hich  have  a h i g h  d e g r e e  o f  
sym m etry . S o l u t i o n s  f o r  th e  d i s p l a c e m e n t  f i e l d s  a ro u n d  edge  d i s l o c a t i o n s  
and tw in  b o u n d a r i e s  h av e  n o t  y e t  b e e n  o b t a i n e d .  In d e e d  th e  o n ly  a r e a  i n  w h ich  
r e s u l t s  a r e  a v a i l a b l e  f o r  co m p a r iso n  i s  t h a t  o f  t h e  s t r u c t u r e  and  i n t e r a c t i o n
e n e r g i e s  o f  v a c a n c i e s  and d i v a c a n c i e s  i n  u n s t r e s s e d  m o d e ls .  Kenny e t  
a l .  (1973) r e p o r t e d  su c h  r e s u l t s  f o r  v a c a n c i e s  and d i v a c a n c i e s  i n  
m odels  o f  a - i r o n ,  molybdenum and vanad ium , and t h e s e  were s u b s e q u e n t l y  
compared to  c o r r e s p o n d in g  r e s u l t s  o b t a i n e d  u s in g  a r e a l  s p a c e  m ethod 
by  Kenny and H ea ld  (1 9 7 4 ) .  The agreement be tw een  th e  two d i f f e r e n t  
m ethods was shown to  be  good , w i th  b o th  g i v i n g  v e r y  s i m i l a r  r e s u l t s  f o r  
th e  l a t t i c e  d i s p l a c e m e n ts  p ro d u c e d  by th e  d e f e c t s ,  a l t h o u g h  t h e r e  were 
d i s c r e p a n c i e s  i n  th e  v a lu e s  o b t a i n e d  f o r  th e  d iv a c a n c y  b i n d i n g  e n e r g i e s .
The o n ly  o t h e r  l a t t i c e  s t a t i c s  c a l c u l a t i o n s  w hich  i t  i s  n e c e s s a r y  to  
m e n t io n  h e r e  a r e  th o s e  o f  Boyer and Hardy (1972) and H e in isch  and  S in e s  
(1 9 7 6 b ) .  These a u th o r s  have  a p p l i e d  th e  m ethod to  s tu d y  v a c a n c y - s c r e w  
d i s l o c a t i o n  i n t e r a c t i o n s  i n  a - i r o n ,  p o t a s s iu m  and a number o f  h y p o th e ­
t i c a l  b . c . c .  m e ta l s  o f  v a r y i n g  a n i s o t r o p y .  U n f o r t u n a t e l y ,  o n ly  t h e  s t r a i n  
f i e l d  c o n t r i b u t i o n s  to  th e  t o t a l  i n t e r a c t i o n  e n e r g i e s  c o u ld  be  e v a l u a t e d  
by th e  a u t h o r s ,  and t h i s  d i f f i c u l t y ,  c o u p le d  w i th  th e  l i m i t a t i o n s  s e t  by  
th e  h a rm o n ic  a p p ro x im a t io n  to  th e  a to m ic  i n t e r a c t i o n s ,  make th e  m ethod  o f  
v e ry  l i m i t e d  u se  f o r  su ch  s i m u l a t i o n s .
The g e n e r a l  l a c k  o f  a v a i l a b l e  d a t a  w i t h  w h ich  to  compare t h e  r e s u l t s  
r e p o r t e d  i n  t h i s  t h e s i s  s e r v e s  to  show t h a t  th e  work h a s  b e e n  o f  a  p i o n e e r i n g  
n a t u r e .  F o r  t h i s  r e a s o n ,  g r e a t  c a r e  was t a k e n  th ro u g h o u t  th e  s t u d i e s  to  
e n s u r e  t h a t  r e l i a b l e  r e s u l t s  were b e in g  o b t a i n e d .  I t  i s  th u s  v e r y  e n c o u r a ­
g in g  t h a t  w here i t  i s  p o s s i b l e  to  compare t h e  p r e s e n t  r e s u l t s  w i t h  t h o s e  o f  
e a r l i e r  w o r k e r s ,  good ag re e m e n t  i s  fo u n d .  A ls o  e n c o u ra g in g  i s  t h e  f a c t  t h a t  
a  g r e a t  many of  th e  r e s u l t s  can be e x p la i n e d  by  d i r e c t  r e f e r e n c e  t o  t h e  
c r y s t a l  l a t t i c e  s t r u c t u r e .  In d e e d ,  a l l  o f  th e  s i m u l a t i o n s  r e p o r t e d  h e r e  
p ro d u ce d  c o h e r e n t ,  w e l l  behaved  r e s u l t s ,  and i t  i s  th u s  c o n s i d e r e d  t h a t  t h e  
com puting  p r o c e d u r e s  a r e  w o rk in g  s a t i s f a c t o r i l y .
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6 .2  C o n c lu s io n s
A number o f  c o n c lu s i o n s  can  be drawn from  th e  r e s u l t s  w hich  have  b e e n  
p r e s e n t e d  i n  th e  f o r e g o i n g  s e c t i o n s ,  and th e  summary g iv e n  b e lo w  r e f e r s  
s p e c i f i c a l l y  to  th o s e  w hich  have  b e e n  o b t a i n e d  u s in g  th e  J Q a - i r o n  p o t e n ­
t i a l .  These c o n c lu s io n s  a r e  however s u p p o r te d  by s u p p le m e n ta ry  r e s u l t s  
o b t a i n e d  f o r  th e  f o u r  o t h e r  b . c . c .  p o t e n t i a l s  u s e d ,  and th e y  a r e  th u s
th o u g h t  t o  show b e h a v io u r  w h ich  i s  t y p i c a l  o f  many b . c . c .  m e t a l s .
( i )  The e n e rg y  a s s o c i a t e d  w i th  a  s i n g l e  v a c a n c y ,  E ^ ,  i s  i n s e n s i t i v e  
to  e x t e r n a l l y - a p p l i e d  u n i a x i a l  and  h y d r o s t a t i c  s t r e s s e s ,  b u t  th e  
sm a l l  c hanges  w h ich  do a r i s e  a r e ,  f o r  th e  u n i a x i a l  s t r e s s e s ,  
a n i s o t r o p i c .
( i i )  The b i n d in g  e n e r g i e s  o f  th e  two m ost  s t a b l e  d i v a c a n c i e s  i . e .  t h e  
|  < 1 1 1 > and < 1 0 0 > t y p e s ,  can  change s i g n i f i c a n t l y  when s u b j e c t e d  
t o  e x t e r n a l  u n i a x i a l  and  h y d r o s t a t i c  s t r e s s e s .  U n i a x i a l  s t r e s s
y
a p p l i e d  p a r a l l e l  to  th e  ax es  o f  t h e s e  d i v a c a n c i e s  h a s  t h e  l a r g e s t
e f f e c t ,  and th e  c h a n g es  i n  b i n d i n g  e n e r g i e s  have  o p p o s i t e  s i g n s
f o r  th e  two d e f e c t s .  S i m i l a r l y  h y d r o s t a t i c  s t r e s s  h a s  o p p o s i t e  
e f f e c t s  f o r  t h e s e  d i v a c a n c i e s .  I n c r e a s i n g  p r e s s u r e  t e n d s  t o  
d e c r e a s e  th e  b i n d in g  e n e rg y  o f  th e  \  <1 1 1 > ty p e ,  and i n c r e a s e  t h a t  
f o r  th e  <1 0 0 > ty p e .
( i i i )  The b i n d i n g  e n e rg y  o f  th e  £ <311> d iv a c a n c y ,  w h ich  p l a y s  a n
i m p o r t a n t  r o l e  i n  th e  m i g r a t i o n  o f  th e  m o s t - s t a b l e  <1 0 0 > t y p e ,  i s  
a l s o  changed  a p p r e c i a b l y  by a p p r o p r i a t e  a p p l i e d  s t r e s s e s .  However, 
as th e  b in d in g  e n e rg y  i s  i t s e l f  v e ry  s m a l l  i n  t h i s  c a s e ,  t h e  ch an g es  
a r e  l e s s  s i g n i f i c a n t .  f
( i v )  The m i g r a t i o n  of  s i n g l e  v a c a n c i e s  o c c u rs  by means o f  a  n e a r e s t .
n e ig h b o u r  { <111> m echanism . The m i g r a t i o n  e n e rg y  E ^  v a r i e s
m a rk e d ly  w i t h  a p p l i e d  u n i a x i a l  s t r e s s ,  th e  maximum change  o c c u r r i n g
when th e  s t r e s s . a x i s  i s  a l i g n e d  p a r a l l e l  t o  th e  jump d i r e c t i o n .
H y d r o s t a t i c  s t r e s s  o f  th e  same o r d e r  o f  m ag n i tu d e  h a s  s u r p r i s i n g l y
l i t t l e  e f f e c t  on E .T ,M
(v) I n  o r d e r  to  m ig r a te  u s in g  n e a r e s t  n e ig h b o u r  ju m p s ,  th e  s t a b l e  <100>
d iv a c a n c y  m u st  change c h a r a c t e r  and become e i t h e r  a  \  <111> o r  \ <311>
t y p e ,  and s i n c e  i t  i s  t h e  movement o f  a  s i n g l e  a tom  w h ic h  i s  i m p o r t a n t
i n  b o t h  c a s e s ,  th e  e f f e c t s  o f  a p p l i e d  s t r e s s e s  a r e  q u a l i t a t i v e l y
s i m i l a r  t o  th o s e  f o r  s i n g l e  v a c a n c y  m i g r a t i o n .  Thus u n i a x i a l  s t r e s s
a p p l i e d  i n  a d i r e c t i o n  p a r a l l e l  to  th e  p a th  o f  t h e  ju m p in g  atom
2Vp ro d u c e s  th e  m ost  im p o r t a n t  changes  m  E^ , w h e re as  h y d r o s t a t i c  
s t r e s s  does n o t  a p p r e c i a b l y  a l t e r  i t s  v a l u e ,
( v i )  V a c a n c ie s  have  a s h o r t - r a n g e d  a t t r a c t i v e  i n t e r a c t i o n  w i t h  c o h e r e n t  
{112} tw in  b o u n d a r i e s .  F o r  th e  two d i f f e r e n t  ty p e s  o f  b o u n d a ry ,
, known as  R e f l e c t i o n 1 and 1 i s o s c e l e s 1 t y p e s ,  th e  maximum b i n d i n g  
o c c u r s  f o r  v a c a n c i e s  l o c a t e d  a d j a c e n t  t o ,  b u t  n o t  i n  th e  b o u n d a r i e s .
A t t h e s e  p o s i t i o n s ,  th e  b i n d i n g  e n e rg y  f o r  th e  i s o s c e l e s  tw in  i s  
l a r g e r  th a n  f o r  th e  r e f l e c t i o n  tw in .
( v i i )  By a p p ly in g  a u n i a x i a l  s t r e s s  p e r p e n d i c u l a r  to  t h e  b o u n d a r i e s  i n  a
[ 1 1 2 ] d i r e c t i o n ,  th e  m a g n i tu d e s  o f  t h e  v a c a n c y - tw in  b o u n d a ry  b i n d i n g  
e n e r g i e s  c an  be  s i g n i f i c a n t l y  c h a n g e d .  The changes  f o r  t h e  two 
b o u n d a ry  ty p e s  a r e  i n  th e  same s e n s e ,  w i t h  i n c r e a s i n g  t e n s i l e  s t r e s s  
p r o d u c in g  d e c r e a s e s ,  and i n c r e a s i n g  c o m p re s s iv e  s t r e s s  r e s u l t i n g  i n  
c o r r e s p o n d in g  i n c r e a s e s  i n  th e  b i n d i n g  e n e r g i e s .  In  a d d i t i o n ,  a l t h o u g h
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th e  b i n d i n g  e n e rg y  f o r  the  r e f l e c t i o n  b o u n d a ry  i s  th e  low er  a t  
z e ro  s t r e s s ,  t h i s  i s  th e  more s e n s i t i v e  to  th e  a p p l i e d  s t r e s s .
( v i i i )  The m ost s t a b l e  d iv a c a n c y - t w i n  b o u n d a ry  c o n f i g u r a t i o n s  do n o t  
in v o lv e  th e  second  n e a r e s t  n e ig h b o u r  <100> d iv a c a n c y  t y p e .  In  
th e  c a s e  o f  th e  r e f l e c t i o n  tw in ,  th e  m ost  s t a b l e  c o n f i g u r a t i o n  
o c c u rs  f o r  a  d iv a c a n c y  w hich  l i e s  a c r o s s  th e  i n t e r f a c e  and c an  
n o t  a r i s e  i n  a  p e r f e c t  c r y s t a l .  F o r  th e  i s o s c e l e s  tw in  on th e  
o t h e r  h a n d ,  a  n e a r e s t  n e ig h b o u r  5 <1 1 1 > d iv a c a n c y  l y i n g  p a r a l l e l  
and a d j a c e n t  to  th e  b o u n d a ry  g i v e s  th e  lo w e s t  e n e r g y .
( i x )  The m i g r a t i o n  e n e r g i e s  f o r  s i n g l e  v a c a n c i e s  c an  change  d r a m a t i ­
c a l l y  when t h e s e  d e f e c t s  a p p ro a c h  th e  two ty p e s  o f  tw in  b o u n d a ry .
In  p a r t i c u l a r ,  th e  m i g r a t i o n  e n e r g i e s  f o r  jumps p a r a l l e l  to  th e  
b o u n d a r i e s  a r e  lo w e re d  compared to  th e  p e r f e c t  c r y s t a l  v a l u e ,  w h e re ­
a s  th o s e  f o r  jumps i n  o t h e r  d i r e c t i o n s  c a n  v a r y  th ro u g h  a  w ide  r a n g e  
o f  v a l u e s .
(x) The \ <111> {110} edge d i s l o c a t i o n  h a s  a  number o f  i m p o r t a n t  s t r u c t u ­
r a l  c h a r a c t e r i s t i c s .  Thus i t  h a s  a  c o re  w hich  i s  c o n f i n e d  e s s e n t i a l l y  
to  a  s i n g l e  (110) p l a n e ,  and th e  B u rg e rs  v e c t o r  d i s t r i b u t i o n  shows 
a  l o c a l i z a t i o n  i n t o  a  s e r i e s  o f  d i s t i n c t  p e a k s ,  w h ich  i m p l i e s  th e  
e x i s t e n c e  o f  d i s l o c a t i o n  s p l i t t i n g .
( x i )  I n t e r a c t i o n s  be tw een  v a c a n c i e s  and t h i s  d i s l o c a t i o n  a r e  a t t r a c t i v e  
f o r  v a c a n c y  p o s i t i o n s  b o th  above and be low  th e  d i s l o c a t i o n  s l i p  
p l a n e .  The m ost s i g n i f i c a n t  i n t e r a c t i o n s  o c c u r  f o r  v a c a n c i e s  l y i n g  
i n  t h e  ( 1 1 0 ) p l a n e  im m e d ia te ly  above th e  s l i p  p l a n e ,  and  th e  
maximum b i n d in g  e n e r g y ,  f o r  a v a c a n c y  l o c a t e d  d i r e c t l y  above t h e  
c e n t r e  o f  t h e  d i s l o c a t i o n  c o r e .
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( x i i )  F o r  s p e c i f i c  p o s i t i o n s  n e a r  th e  c e n t r e  o f  th e  d i s l o c a t i o n ,  
v a c a n c i e s  c a n  c a u se  th e  d i s l o c a t i o n  to  g l i d e  i n  i t s  s l i p  
p l a n e .  T h is  g l i d e  i s  tow ards  th e  v a c a n t  s i t e  i n  a l l  c a s e s ,  and 
t h e r e  i s  a  c o r r e l a t i o n  b e tw een  t h e s e  v a c an c y  p o s i t i o n s  and th e  
.z o n e  c o n t a i n i n g  th e  f r a c t i o n a l  com ponents  o f  th e  s p l i t  d i s l o c a ­
t i o n  c o r e .
Many s u g g e s t i o n s  can  be made f o r  e x t e n s i o n s  t o  th e  work r e p o r t e d  i n  
t h i s  t h e s i s . One o f  th e  more o b v io u s  o f  th e s e  i s  t o  exam ine th e  e f f e c t s  
o f  th e  5 <1 1 1 > {1 1 0 } edge d i s l o c a t i o n  on v a c an c y  m i g r a t i o n ,  i n  an  a n a lo g o u s  
way t o  t h a t  done f o r  th e  tw in  b o u n d a r i e s  i n  C h a p te r  4 . The r e s u l t s  th u s  
o b t a in e d  would be p a r t i c u l a r l y  v a l u a b l e  t o  s t u d i e s  w hich  a r e  aim ed a t  fo rm u­
l a t i n g  e q u a t i o n s  o f  m o tio n  f o r  d i s l o c a t i o n  c l im b  (T u ru n en ,  1 9 7 6 ) ,  s i n c e  th e  
b a s i s  o f  such  e q u a t i o n s  i s  t h e  r a t e  o f  d i s l o c a t i o n  Tp ip e  d i f f u s i o n 1 , i . e .  
t h e  r a t e  a t  w hich  p o i n t  d e f e c t s  can  d i f f u s e  a lo n g  th e  d i s l o c a t i o n s .  C l e a r l y ,  
r e s u l t s  f o r  th e  o t h e r  b . c . c .  edge  and sc rew  d i s l o c a t i o n s  and t h e i r  v a c a n c y  
i n t e r a c t i o n s  would a l s o  be  r e l e v a n t  h e r e .  I n d e e d ,  work h a s  a l r e a d y  b e e n  
s t a r t e d  i n  t h i s  d i r e c t i o n  and p r e l i m i n a r y  r e s u l t s  have  s e r v e d  t o  i n d i c a t e  
t h a t  t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  b e tw e e n  th e  v a c a n c y  i n t e r a c t i o n s  w i th  
t h e  5 <111> {110} edge  d i s l o c a t i o n ,  r e p o r t e d  i n  C h a p te r  5 ,  and t h a t  h a v in g  th e  
same B u rg e rs  v e c t o r ,  b u t  l y i n g  on a {112} p l a n e .  Thus, w h e re as  t h e  maximum 
v a c a n c y -  \  <111> {110} edge d i s l o c a t i o n  b i n d i n g  e n e rg y  i s  0 .7 0  eV, t h e  c o r r e s ­
p o n d in g  v a lu e  f o r  th e  |  <111> {112} edge d i s l o c a t i o n  i s  1 .1 5  eV.
O th e r  e x t e n s i o n s  o f  t h e  work a r e  a l s o  o f  c o u r s e  p o s s i b l e .  F o r  e x a m p le ,  
th e  p r o p e r t i e s  o f  l a r g e r  c l u s t e r s  o f  v a c a n c i e s ,  and  th e  i n t e r a c t i o n s  o f  
v a c a n c i e s  w i t h  more complex i n t e r f a c e s ,  su ch  as  tw in  b o u n d a r i e s  c o n t a i n i n g  
tw in n in g  d i s l o c a t i o n s  ( s e e  C h a p te r  4) c o u ld  h e  f u r t h e r  e x a m in ed .  I n  a d d i t i o n ,
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p a r a l l e l  s t u d i e s  c o u ld  a l s o  be  c a r r i e d  o u t  f o r  i n t e r s t i t i a l  i n t e r a c t i o n  
phenomena, s i n c e  many o f  t h e s e  a r e  t h o u g h t  t o  h av e  g r e a t  t e c h n o l o g i c a l  
im p o r ta n c e .  Hence th e  SIPA t h e o r i e s  o f  i r r a d i a t i o n  c r e e p  (H e a ld  and 
S p e ig h t ,  1975; W o lfe r  and A s h k in ,  1 9 7 6 ) ,  w hich  a r e  b a s e d  upon i n t e r s t i -  
t i a l - d i s l o c a t i o n  i n t e r a c t i o n s ,  c o u ld  i n  p r i n c i p l e  be  c h e c k e d .  F u r t h e r ­
m ore , th e  r e s t r i c t i o n  on th e  p r e s e n t  c a l c u l a t i o n s ■t h a t  t h e  r e l a x e d  c r y s t a l s  
a r e  e f f e c t i v e l y  a t  a b s o l u t e  z e ro  t e m p e r a t u r e ,  n e e d s  to  b e  d r o p p e d .  However, 
i t  i s  f a r  more im p o r t a n t  a t  t h e  p r e s e n t  s t a g e  o f  deve lopm en t o f  com pute r  
s i m u l a t i o n  t e c h n i q u e s  to  o b t a i n  r e l i a b l e ,  w e l l -d o c u m e n te d  r e s u l t s  on w e l l -  
c h a r a c t e r i z e d  d e f e c t s ,  t h a n  to  p ro d u c e  s u s p e c t  and p e rh a p s  m i s l e a d i n g  
i n f o r m a t i o n  on more com plex m a t e r i a l s  p ro b le m s ,  no m a t t e r  how i m p o r t a n t  t h e y  
may a p p e a r .  I t  i s  t h e r e f o r e  c o n s id e r e d  t h a t  t h e  p r e s e n t  c o n t r i b u t i o n  i s  
a  w o r th w h i le  s t e p  b o th  i n  th e  d e v e lo p m en t  o f  s i m u l a t i o n  m e th o d s ,  and  i n  o u r  
q u a n t i t a t i v e  u n d e r s t a n d in g  o f  i n t e r a c t i o n s  b e tw e en  p o i n t  and  e x te n d e d  d e f e c t s .
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FIGURE CAPTIONS
. 1) The i n t e r a t o m i c  p o t e n t i a l s  (j>(r) u se d  i n  th e  s i m u l a t i o n s .
The a - i r o n  p o t e n t i a l s ,  J Q, J j  and due to  Jo h n so n  (1964)
and V i te k  e t  a l .  (1970) a r e  shown i n  ( a ) ,  and a - i r o n
KH molybdenum and ST t u n g s t e n  p o t e n t i a l s  due to  Jo h n so n  
( 1 9 6 4 ) ,  Kenny and H ea ld  (1974) and S t a b e l l  and Townsend
(1974) r e s p e c t i v e l y  a r e  shown i n  ( b ) . The f i r s t  and
! . . . .
s eco n d  n e ig h b o u r  d i s t a n c e s  a r e  i n d i c a t e d  by I  and 2  on
I T  •  .th e  — a x e s ;  a  i s  th e  l a t t i c e  p a r a m e t e r .
,1) The f i r s t ,  s e c o n d ,  t h i r d  and f o u r t h  n e a r e s t  n e ig h b o u r
d i v a c a n c i e s ,  b o ld  l i n e s ,  d e f i n e d  by th e  l a t t i c e  v e c t o r s
£ <111>, <1 0 0 >, <110> and |  <311> a r e  shown s c h e m a t i c a l l y  
i n  d iag ram s  ( a ) - ( d )  r e s p e c t i v e l y .  D iagram  (b)  a l s o  
i l l u s t r a t e s  th e  n e a r e s t  n e ig h b o u r  jumps w h ich  c o n v e r t  a 
< 1 0 0 > d iv a c a n c y  i n t o  e i t h e r  a  5 < 1 1 1 > o r  { <311> ty p e .
,2) The n e a r e s t  n e ig h b o u r  \ <111> and second  n e a r e s t  n e ig h ­
b o u r  <100> mechanisms f o r  v a c an c y  m i g r a t i o n .  I n  o r d e r  t o  
m ig r a t e  v i a  a n e a r e s t  n e ig h b o u r  m echanism , ( a ) , a n  atom  
i n  t h e  (111) p l a n e  m arked A m ust p a s s  th ro u g h  two t r i a n g l e s  
o f  atoms i n  p l a n e s  B and C b e f o r e  r e a c h in g  t h e  v a c a n c y  i n  
th e  n e x t  A p l a n e .  With a se co n d  n e a r e s t  n e ig h b o u r  m echa­
n ism , ( b ) , t h e  m i g r a t i n g  atom  h a s  to  p a s s  th ro u g h  a s i n g l e  
(100) p l a n e ,  m arked B. The sh ap e  and h e i g h t  o f  t h e  e n e rg y  
b a r r i e r s  o b t a i n e d  u s in g  th e  J^  p o t e n t i a l  f o r  t h e  two mecha­
n ism s r e f l e c t  th e  d i f f e r e n c e s  i n  th e  l o c a l  a to m ic  e n v i r o n ­
ment w h ich  i s  s e e n  by th e  m i g r a t i n g  atom.
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.3 )  The e n e rg y  b a r r i e r s  o b t a in e d  f o r  a s i n g l e  v a c a n c y  m i g r a t i n g  
i n  a u n i a x i a l l y  s t r a i n e d  model u s in g  th e  J Q p o t e n t i a l .  In
( a ) ,  th e  c u rv e s  a r e  f o r  an u n s t r a i n e d  r e f e r e n c e  c r y s t a l  P 
and f o r  c r y s t a l s  s t r a i n e d  by ± 3% i n  th e  [ i l l ]  d i r e c t i o n  
w h ich  i s  p a r a l l e l  t o  t h e  m i g r a t i o n  p a t h .  I n  ( b ) , t h e  two 
c u rv e s  a r e  f o r  c r y s t a l s  s t r a i n e d  to  ± 3% i n  th e  o r th o g o n a l  
[ 1 1 0 ] d i r e c t i o n .
V1V2 V 1V2
.4 )  The b i n d in g  e n e r g i e s  (= -  eE j  ) f o r  t h e  [ 1 0 0 ] ,
2 [ i l l ]  and 2 [311] d i v a c a n c i e s  and th e  p o t e n t i a l  are- 
shown as a  f u n c t i o n  o f  a p p l i e d  u n i a x i a l  s t r a i n  e (x  1 0 2) ,
F o r  th e  [100] t y p e ,  th e  s t r a i n  and h e n c e  s t r e s s  a x e s  a r e  
[ 1 0 0 ] ,  [001] and [ O i l ] .  C o r r e s p o n d in g ly ,  f o r  t h e  z [ H i ]  
t y p e ,  th e  axes  a r e  [ i l l ]  and [ 1 1 0 ] and f o r  th e  2 [311] 
ty p e  [ i l l ]  and [ O i l ] .
5) The e n e rg y  b a r r i e r s  o b t a i n e d  f o r  a [100] d iv a c a n c y  m i g r a t i n g  
i n  a  u n i a x i a l l y  s t r a i n e d  model u s in g  th e  J Q p o t e n t i a l .  (a )  
and (b) show t h e s e  b a r r i e r s  fo x  th e  [ 1 0 0 ] ->• 5 [311] and 
[ 1 0 0 ] +  |  [ 1 1 1 ] m echanism s r e s p e c t i v e l y ,  and i n  e a c h  c a s e  
t h e  r e s u l t s  f o r  z e ro  s t r a i n  P and f o r  s t r a i n s  o f  ± 3% d i r e c t e d  
a lo n g  th e  d i r e c t i o n  o f  t h e  m i g r a t i o n  jump a r e  g i v e n .
1) The two p o s s i b l e  (112) tw in  b o u n d a ry  s t r u c t u r e s  f o r  b . c . c .
m e ta l s  p r o j e c t e d  on to  th e  (110) p l a n e .  The r e f l e c t i o n  and
i s o s c e l e s  b o u n d a r i e s  a r e  shown i n  (a )  and (b) r e s p e c t i v e l y ,
atoms r e p r e s e n t e d  by c lo s e d  and open symbols l y i n g  on a d j a ­
c e n t  ( 1 1 0 ) p l a n e s .  S u c c e s s iv e  (112) p l a n e s  a r e  l a b e l l e d
w i t h  th e  i n t e g e r s  n = 0 , ± 1 , ± 2 . . .  a s  shown.
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TVFig. (4 .2 )  The var iation  of the in tera c tio n  energy E^ . in eV between
a v a c an c y  and (a )  a r e f l e c t i o n  tw in  b o u n d a ry ,  and (b) an 
i s o s c e l e s  tw in  b o u n d a ry  f o r  th e  J Q p o t e n t i a l .  The s e p a ­
r a t i o n  o f  th e  v a c a n c y  and b o u n d a ry  i s  g iv e n  i n  te rm s  o f
n ,  th e  number o f  ( 1 1 2 ) i n t e r p l a n a r  s p a c i n g s ,  as  d e f i n e d
i n  F i g .  ( 4 . 1 ) .
F ig .  ( 4 .3 )  The v a r i a t i o n  w i t h  [112] u n i a x i a l  s t r a i n  e ( x  102) o f  th e
TVb in d in g  e n e rg y  ( -  E^ ) i n  eV b e tw e en  a v a c an c y  and  a
r e f l e c t i o n  (R) o r  i s o s c e l e s  ( I )  tw in  b o u n d a ry  f o r  t h e  J Q
p o t e n t i a l .  The b ro k e n  c u rv e  g i v e s  th e  a p p ro x im a te  v a l u e s
f o r  th e  r e f l e c t i o n  b o u n d a ry  o b t a i n e d  by i g n o r i n g  th e  
V . ,changes o f  E w i t h  s t r a i n .
F i g .  ( 4 .4 )  The v a r i o u s  c r y s t a l l o g r a p h i c a l l y - d i s t i n c t  n e a r e s t  and
se co n d  n e a r e s t  n e ig h b o u r  d iv a c a n c y - tw in  b o u n d a ry  c o n f i ­
g u r a t i o n s .  I a ,  b ,  c a r e  t h e  n e a r e s t  n e ig h b o u r  ty p e s  
and I l a ,  b a r e  th e  se co n d  n e a r e s t  n e ig h b o u r  t y p e s ,  and 
I l i a ,  b ,  c a r e  th e  ’ i m p e r f e c t 1 d i v a c a n c i e s  w h ich  a r e  
d i s c u s s e d  i n  t h e  t e x t .  The b r o k e n  l i n e s  on b o th  d iag ra m s  
i n d i c a t e  th e  two c a s e s  w h e re ,  when v a c an c y  m i g r a t i o n  was 
b e in g  c o n s i d e r e d ,  th e  p a t h s  t a k e n  by th e  jum p ing  atom s 
w ere  n o t  s t r a i g h t  l i n e s  j o i n i n g  th e  a d j a c e n t  l a t t i c e  
p o s i t i o n s .
F ig .  ( 4 .5 )  The e n e rg y  b a r r i e r s  f o r  v a c a n c y  m i g r a t i o n  n e a r  a  r e f l e c t i o n  
tw in  b o u n d a ry  o b t a i n e d  u s in g  th e  J Q p o t e n t i a l .  I n  o r d e r  t o  
a v o id  c o n fu s io n  i n  t h e  f i g u r e ,  t h e  o r d i n a t e s  and  a b s c i s s a e
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F i g .  (4
F i g .  (5
F i g .  (5
a r e  n o t  m arked  on a l l  th e  s e t s  o f  a x e s .  However i n  
a l l  c a s e s ,  th e  v a r i a t i o n  o f  p o t e n t i a l  e n e rg y  w i t h  p o s i t i o n  
o f  th e  m i g r a t i n g  v a c an c y  i s  p l o t t e d .  The l a b e l l i n g  
scheme f o r  th e  d i f f e r e n t  jumps i s  d e s c r i b e d  i n  d e t a i l  
i n  th e  t e x t .
6 ) The e n e rg y  b a r r i e r s  f o r  v a can cy  m i g r a t i o n  n e a r  an  i s o ­
s c e l e s  tw in  b o u n d a ry  o b t a i n e d  u s in g  th e  p o t e n t i a l .
As w i t h  F i g .  ( 4 . 5 ) ,  t h e  o r d i n a t e s  and a b s c i s s a e  a r e  n o t  
m arked on a l l  th e  s e t s  o f  a x e s ,  a l t h o u g h  i n  a l l  c a s e s  th e  
v a r i a t i o n  o f  p o t e n t i a l  e n e rg y  w i t h  p o s i t i o n  o f  t h e  m ig r a ­
t i n g  v a c an c y  i s  p l o t t e d .  A g a in ,  t h e  l a b e l l i n g  scheme f o r  
th e  d i f f e r e n t  jumps i s  d e s c r i b e d  i n  th e  t e x t .
1) A map showing a [112] p r o j e c t i o n  o f  th e  r e l a x e d  a to m ic  
p o s i t i o n s  a ro u n d  th e  |  [ i l l ]  ( 1 1 0 ) edge d i s l o c a t i o n  
o b t a i n e d  u s in g  th e  J Q p o t e n t i a l .  No a t t e m p t  a t  i n d i c a ­
t i n g  th e  s i x - f o l d  s t a c k i n g  s e q u e n c e  o f  th e  [ 1 1 2 ] d i r e c t i o n  
i s  made i n  th e  d ia g ra m , a l l  t h e  atoms b e in g  shoxm a s  d o t s .
The JL symbol shows th e  l o c a t i o n  o f  th e  c e n t r e  o f  t h e  d i s ­
l o c a t i o n  c o r e ,  and th e  ( 1 1 0 ) p l a n e s  a d j a c e n t  to  t h e  s l i p  
p l a n e  a r e  l a b e l l e d  as ± 1 .
2) The d i s p l a c e m e n ts  o f  atoms i n  p l a n e s  ± 1 o f  F i g .  ( 5 .1 )  
f o r  a  \  [ i l l ]  ( 1 1 0 ) edge d i s l o c a t i o n  d e r i v e d  f rom  e l a s t i ­
c i t y  t h e o r y .  The d i s p l a c e m e n ts  u [-q-jJ anc* U[^X2] ^Pa ra _  
l l e l  t o  [ i l l ]  and [ 1 1 2 ] )  a r e  shown i n  (a)  and (b) r e s p e c t i ­
v e ly  as a  f .u n c t io n  o f  d i s t a n c e  i n  th e  [ i l l ]  d i r e c t i o n ,
U n i t s  o f  a ,  th e  l a t t i c e  p a r a m e t e r  a r e  u se d  f o r  U[ H 2 ]
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F i g .  (5
F i g .  (5 .  
F ig .  (5 .  
F i g .  (5 .
and 9 an<^  the centre of the d is lo ca t io n  i s  at
x = 0 .
3) The d i s p l a c e m e n ts  o f  atoms i n  p l a n e s  ± 1 o f  F i g .  ( 5 .1 )  
f o r  a 5 [ i l l ]  ( 1 1 0 ) edge  d i s l o c a t i o n  o b t a i n e d  from  t h e  
com pute r  model u s in g  th e  p o t e n t i a l .  The d i s p l a c e m e n t s  
u [ i n ] a n d u [ ; q 2 ] (P a r a l l e l  t 0  [ i l i ]  a n ^ [1 1 2 ])  a r e  shown 
i n  (a )  and (b) r e s p e c t i v e l y  as  a f u n c t i o n  o f  t h e  d i s t a n c e  
X [ m ]  i n  th e  [ i l l ]  d i r e c t i o n .  U n i t s  o f  a ,  t h e  l a t t i c e  
p a r a m e te r  a r e  u s e d  f o r  u [ 1 1 2 ] anc  ^ X[ l l l ]  ’ t *ie
d i s l o c a t i o n  i s  c e n t r e d  a t  x = 0 .
4). As a bove , b u t  i n  t h i s  c a s e  f o r  t h e  p o t e n t i a l .
5) As f o r  F i g .  ( 5 . 3 ) ,  b u t  i n  t h i s  c a s e  f o r  th e  p o t e n t i a l ,
6 ) The d i f f e r e n t i a l  d i s p l a c e m e n t  m aps, p r o j e c t e d  o n to  ( 1 1 2 ) ,  
f o r  th e  i [ 1 1 1 ] ( 1 1 0 ) edge  d i s l o c a t i o n  o b t a i n e d  u s in g  
th e  Jq p o t e n t i a l .  The maps i n  (a )  and (b) c o r r e s p o n d  to  
th e  d i s p l a c e m e n ts  i n  t h e  [ 1 1 1 ] and [ 1 1 2 ] d i r e c t i o n s  
r e s p e c t i v e l y .  A s i g n  c o n v e n t io n  su c h  t h a t  p o s i t i v e  d i f f e ­
r e n t i a l  d i s p l a c e m e n ts  b e tw e en  n e ig h b o u r in g  p a i r s  o f  atom s 
a r e  shown by a rrow s  p o i n t i n g  from  l e f t  to  r i g h t  and  to p  
t o  b o t to m  i s  u s e d ,  and i n  (a )  th e  d i s p l a c e m e n ts  a r e  
m u l t i p l i e d  by a f a c t o r  o f  2  and i n  (b) by a f a c t o r  o f  6 . 
No a t t e m p t  a t  show ing th e  s i x - f o l d  s t a c k i n g  a lo n g  [112] 
i s  g iv e n  i n  th e  f i g u r e ; a l l  t h e  atoms a r e  r e p r e s e n t e d  by 
d o t s .
I.
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F i g .  ( 5 .7 )  As a b o v e ,  b u t  i n  t h i s  c a se  f o r  t h e  J  p o t e n t i a l .
F i g .  ( 5 ,8 )  As f o r  F i g .  ( 5 . 6 ) ,  b u t  i n  t h i s  c a s e  f o r  th e  p o t e n t i a l .
F i g .  ( 5 .9 )  The d i s t r i b u t i o n  o f  th e  B u rg e rs  v e c t o r  a ro u n d  a 5 <111> 
{110} edge d i s l o c a t i o n  f o r  th e  p o t e n t i a l .  The d i s ­
t r i b u t i o n  shows th e  r a t e  o f  change o f  t h e  d i f f e r e n t i a l  
d i s p l a c e m e n ts  p a r a l l e l  t o  [ i l l ]  b e tw e en  th e  p l a n e s  o f  
atoms d e n o te d  as  ± 1 i n  F i g .  ( 5 . 1 ) ,  as a f u n c t i o n  o f  t h e  
d i s t a n c e  x [ m ]  [ H i ]  d i r e c t i o n .  The u n i t s  u se d
f o r  p a r e  a r b i t r a r y ,  b e in g  s e t  by E q u a t io n  ( 5 . 6 ) ,  w h e re as
X
X [ m ]  i s  shown i n  u n i t s  o f  a ,  th e  l a t t i c e  p a r a m e t e r .
F i g .  (5 .1 0 )  As ab o v e ,  b u t  i n  t h i s  c a s e  f o r  th e  p o t e n t i a l .
F i g .  ( 5 .1 1 )  As f o r  F i g .  ( 5 . 9 ) ,  b u t  i n  t h i s  c a se  f o r  th e  J  p o t e n t i a l .
F i g .  ( 5 .1 2 )  The v a c a n c y -  |  <111> {110} edge d i s l o c a t i o n  i n t e r a c t i o n s  
f o r  th e  J q p o t e n t i a l .  A (112) p r o j e c t i o n  o f  t h e  r e l a x e d  
s t r u c t u r e  o f  th e  d i s l o c a t i o n  i s  shown, w i t h  t h e  atoms i n  
th e  p r o j e c t i o n  a l l  r e p r e s e n t e d  by d o t s ,  t o g e t h e r  w i t h  a 
number o f  a to m ic  s i t e s  w i t h  w h ich  num bers a r e  a s s o c i a t e d .  
These numbers a r e  th e  v a c a n c y - d i s l o c a t i o n  b i n d i n g  e n e r g i e s  
E g ^ ( =  -  E j ^ )  i n  eV. Those a to m ic  s i t e s  w h ich  a r e  drawn 
w i t h  boxes  a ro u n d  them c o r r e s p o n d  t o  th e  u n s t a b l e  v a c a n c y -  
d i s  l o c a t i o n  s e p a r a t i o n s  r e f e r r e d  to  i n  th e  t e x t ,  a t  w h ich  
th e  p o s t i o n  o f  th e  d i s l o c a t i o n  c o re  moves. S in c e  th e  (110) 
p l a n e  i s  a m i r r o r  p l a n e ,  th e  i n t e r a c t i o n s  a r e  o n ly  shown 
f o r  one s i d e  o f  th e  d i s l o c a t i o n  c o r e ;  t h e  i n t e r a c t i o n s  on 
th e  o t h e r  s i d e  o f  th e  c o re  a r e  i n d e n t i c a l .
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F ig .  ( 2 .1 )  The I n t e r a t o m i c  P o t e n t i a l s
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F i g . ( 3 .3 )  E f f e c t s  o f  U n ia x ia l  S t r a i n  on Vacancy M ig r a t io n
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F ig .  ( 3 .4 )  E f f e c t s  o f  U n i a x i a l  S t r a i n  on D ivacancy  B in d in g  E n e r g i e s
F ig .  ( 3 .5 )
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F ig ,  ( 4 .1 )  The Twin B o u n d a r ie s
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F ig .  (4 .2 ) Vacancy-Tw in Boundary I n t e r a c t i o n  E n e r g ie s
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F jg .  ( 4 .3 )  V a r i a t i o n  o f  Vacancy-Twin Boundary B in d in g  E n e r g i e s  w i t h
U n ia x ia l  S t r a i n
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F ig ,  ( 4 .4 )  D ivacancy-T w in  Boundary C o n f i g u r a t io n s
-  130 -
C M
00H
Ml-
C OHM
00H
C O
00M
<3-O
00
CM
00H
O
C M
W)}-»
0) >
C MvD00
ao•H4J
•rl .wo
aacdacd>
oo
H
F
ig
.(
4.
5)
 
V
ac
an
cy
 
M
ig
ra
ti
on
 
ne
ar
 
a 
R
ef
le
ct
io
n 
Tw
in 
B
ou
nd
ar
y
0000
I  [110]
JL
l a t t i c e  p a r a m e te r
Pig. (5 .1) The |<111> {110} Edge D is location
-  133 ~
0.0
-4
- 0 . 4
A uni2]
T  (a)
0 .0 6
0 .0 4  .
0 .0 2  -
3 >0.0
-6 [111]
- 0 .0 2
- 0 . 0 4
- 0 .0 6
Fig. (5 .2) D is location  Displacements from E la s t i c i t y  Theory
J- -/ “f
A u [ m ]
0.0
- 2
- 0 . 2
(a )
0 .06*
0 .0 4 .
0. 02-
0.0
- 6 - 2
(a)
- 0 .0 4  .
- 0 .0 6  .
(b)
F i g . ( 5 .3 )  D i s l o c a t i o n  D is p la c e m e n ts  -  J  
  0
~  1 J D  ”
0.4*
0 . 2 .
0.0
0 . 4 '
(a)
0 .0 6 -
0 .0 4 .
0 . 0 2 -
0.0
- 6 * 2
- 0 . 0 2 *
- 0 . 0 4 .
- 0 .0 6 *
(b)
F ig .  ( 5 .4 )  D i s l o c a t i o n  D is p la c e m e n ts  -
— 1 j o
Au [ m ]
- (a)
o0.0
- 2
- 0 . 2  .
- 0 . 4
(a)
0.06  •
0 .0 4  *
0 .0 2 .
0.0
- 2
- 0 .0 2  •
- 0 . 0 6  .
(b)
Fig. (5 .5 ) D is location  Displacements -  J2
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